Investigating Neural Substrates of Visual Motion Sensitivity in Deaf Individuals by Levine, Alexandra Toba
Investigating Neural Substrates of Visual Motion
Sensitivity in Deaf Individuals
Alexandra Toba Levine
Doctor of Philosophy
University of York
Psychology
July 2017

Abstract
The aim of this thesis has been to explore neural substrates of enhanced far-peripheral
visual motion processing in congenitally deaf adults. To do this, psychophysical measures
were used as well as novel fMRI stimulus delivery methods to record responses to stimu-
lation in the far-peripheral visual field.
For the first time, far-peripheral visual field mapping measured an extended representa-
tion of the visual field (72 ◦) in early visual cortex in deaf and hearing individuals. Using
this method, unique evidence of plasticity within the cortical surface area distribution of
visual field representations in the primary visual cortex was found in congenitally deaf
adults, biased towards the far-peripheral visual field.
Furthermore, neural responses to far-peripheral stimuli were measured in visual motion
processing areas V5/MT+ and V6, and in auditory regions. Results show novel and dis-
tinctive differences in response profiles in auditory, but not visual regions between deaf
and hearing participants, indicating crossmodal plasticity in deaf participants, specific to
coherent but not incoherent global optic flow field motion stimuli.
Most importantly, the aim of the thesis was to relate neural measures to behavioural per-
formance of motion perception. The results show evidence that unimodal plasticity in V1
and activation in visual motion areas V5/MT+ and V6 are not related to performance in
two visual motion tasks (local motion detection and global motion direction discrimina-
tion), but that response inhibition and excitation levels in auditory regions are related to
motion processing performance in deaf and hearing individuals.
In summary, the findings described in this thesis show for the first time that congenital
deafness leads to plastic changes within primary visual cortex. In addition, auditory but
not visual motion regions are recruited differentially between deaf and hearing individu-
als, depending on the motion type, and this activation shows a trending relationship with
visual motion performance in both groups.
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Chapter 1
Background
As the world is inherently multisensory- visual, auditory and tactile inputs are processed
simultaneously in order to provide an internal depiction of the outside world. Our capacity
to interact with the world relies heavily on our cognitive systems ability to use and integrate
these multisensory signals. Vision plays a crucial role in providing information about the
spatial layout of a scene, as well as events and objects within it. Although the visual field
is able to provide a substantial amount of input, a large proportion of the surroundings
remain unknown. This is where distal senses such as tactile, olfactory and auditory signals
can provide sensory input beyond the boundaries of visual perception. Auditory signals in
particular, are able to provide precise spatial information on localising non-visible stimuli,
thereby demonstrating their importance in guiding the reorientation of the visual system
(Heffner and Heffner, 1992)
A fundamental area that has long been investigated by scientists is the consequence of
sensory loss, with respect to both blindness and deafness, and how these changes in per-
ception affect the remaining senses. A common view assumes that the absence of one
sensory modality will result in changes in the remaining and intact senses. Two opposing
theories can be used to explain possible results of sensory loss. An early account described
by James (1890) postulated that if a sensory input is lost, the remaining ones become
heightened, as a larger reliance is placed on them. As a result, in a sensory deprived
group, this leads to better performance compared to average individuals, a phenomenon
known as ’hyper-compensation (Ro¨der and Neville, 2003). This leads to the idea of cross-
modal plasticity, where a region of the brain deprived of signals from one sense can be
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recruited for processing signals from the remaining senses.
A related ’sensory compensation hypothesis’ discussed by Gibson (1969) also postulates
the idea that the remaining senses compensate to enhance processing. Here, the concept
of functional reallocation is introduced whereby neural architectures, specifically the brain
areas serving the sense which is impaired, may develop the ability to process sensory input
from the intact sensory modalities. Alternatively, it is also possible for the neural areas
processing the intact senses to develop enhanced processing capabilities. Behaviourally,
this can be seen when the congenitally blind show enhanced pitch discrimination abilities
compared to sighted individuals (Gougoux et al., 2004). Furthermore, neural effects of
blindness result in an increase in representation of different pitches in the auditory cortex
(Elbert et al., 2002).
A theory opposing the compensatory account, namely the perceptual deficit hypothesis
(Myklebust, 1960) hypothesises that when one sense is lacking the remaining senses are
underdeveloped and proposes that multisensory learning is essential for the full develop-
ment of each sensory modality. Here, a lack of compensation is thought to lead to reduced
performance within intact sensory modalities relative to healthy individuals. For example,
deaf children showed a deficit in a texture segmentation and visual search task (Retten-
bach et al., 1999). Such an effect illustrates the necessary contribution of a given sense
which is lost and subsequently reflected in the diminished performance of intact senses.
When investigating the effects of sensory loss, it is important to consider the plastic ca-
pabilities of the brain, which can have both negative and positive effects. Indeed, it is
possible that both the sensory compensation and sensory deficit hypotheses are not mu-
tually exclusive, with outcomes determined by the point at which a given sense is lost
in ones lifetime. There is considerable evidence for critical phases during development
where heightened cortical plasticity is observed which may compound the effects of ongo-
ing experience (Hensch, 2005; Knudsen, 2004). Accordingly, in the case of deaf people,
these periods may in turn affect the brain differently depending on when hearing loss was
acquired. As it is difficult to dissociate between the effects of plasticity following sensory
loss and critical periods during development influencing cortical plasticity, the early deaf
population provides a unique means to investigate brain plasticity in the complete absence
of auditory stimulation.
2
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1.1 Visual system
The visual cortex is a highly-mapped and well-understood part of the brain (Tootell et al.,
1995), guided by primate as well as feline studies (Felleman and Van Essen, 1991). Visual
information is processed by an estimated 50-60% of the cortex. When light enters the
eye, the lens focuses light onto the back of the eye, the retina, which triggers photorecep-
tive cells. These signals are then sent through the optic nerve to the lateral geniculate
nucleus (LGN) to the visual cortex. The general organisation of the visual cortex dis-
plays a gradient between central and peripheral visual field processing where the central
(also referred to as foveal) representation is highly magnified. Here, a disproportionate
over-representation of the central retina, in contrast to the under-represented periphery,
is reflected in the number of afferent neurons from respective retinal regions. This organ-
isation principle is referred to as the cortical magnification factor, defined as the linear
extent of visual striate cortex to which each degree of visual angle the retina projects to
(Cowey and Rolls, 1974).
Figure 1.1 – Representations of the visual field as reflected in primary visual
cortex. Source: http://fourier.eng.hmc.edu/e180/lectures/v1/node3.html
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To provide a comparison, 1 mm 2 of the retina which represents the central 10 ◦ of vision,
or 5.5% of the total visual field, is processed by around 60% of the striate cortex, as demon-
strated in Figure 1.1. The remaining part of the visual cortex is devoted to processing
the peripheral visual field. The central visual input possesses high spatial resolution, with
finely grained, smaller receptive fields (Levi et al., 1985; Engel et al., 1997, smaller than
a cone diameter,) whilst the periphery possesses poorer resolution, larger receptive fields
and a high sensitivity for motion (McKee and Nakayama, 1984). Receptive fields refer
to the sensory space to which a neuron responds to. In regards to the visual system, a
receptive field is the portion of the retina which is activated by a particular section of the
visual field (Hubel and Wiesel, 1962). This is also mirrored in the fact that sensitivities to
velocity moves from slow to fast at larger eccentricities, as shown by studies of the cat vi-
sual system (Walsh and Polley, 1985). A high number of Y-type motion sensitive neurons
are present in the peripheral retina, which in turn project to the peripheral representation
within primary visual cortex (Cleland and Levick, 1974).
1.2 Functional organisation of the visual cortex
There are many distinguishable visual areas within the brain, which play their own spe-
cialised part in the perception of the visual world (Zeki et al., 1998). Two distinguishable
visual processing streams largely define this organisation, the dorsal and ventral stream.
The dorsal stream guides our interactions with the surrounding environment, such as
reaching and grasping, and this stream leads from V1 to the posterior parietal cortex.
The ventral stream is tuned to the perception of objects, faces and scenes in our envi-
ronment, and this stream leads from V1 and extends to the temporal lobe. Anatomical
and physiological evidence suggests differences in central and peripheral visual field rep-
resentations within the two visual streams. The dorsal lateral geniculate nucleus (LGNd)
where central vision is represented more by parvocellular layers than magnocellular layers,
the parvocellular layer declining faster as a function of eccentricity than do those of the
mangocellular layers (Connolly and Van Essen, 1984). Furthermore, sub-regions within
the ventral stream include receptive fields which encapsulate foveal regions more so than
peripheral regions, whilst subregions within dorsal stream have receptive fields represent-
ing central and peripheral visual fields more evenly (Duhamel et al., 1998). This suggests
that cortical magnification extends through the ventral ’what’ stream, where object iden-
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tification requires a larger proportion of foveal emphasis, whilst the dorsal ’where’ stream
has an equal proportion of emphasis. This distinction is relevant, as plasticity in the deaf
population is largely seen in regions of the dorsal stream, involving the visual periphery.
1.3 Visual field mapping in fMRI
A widely utilised approach which can be used to investigate cortical plasticity within the
visual cortex is functional magnetic resonance imaging (fMRI), which can determine direct
neural substrates of behaviour. By mapping visual field representations it is possible to
identify visual areas influenced and re-organised as a result of auditory deprivation.
A widely utilised approach which can be used to investigate cortical plasticity within the
visual cortex is functional magnetic resonance imaging (fMRI), which can determine direct
neural substrates of behaviour. By mapping visual field representations it is possible to
identify visual areas influenced and re-organised as a result of auditory deprivation.
FMRI makes it possible to measure cortical activation indirectly through the blood oxy-
genation level dependency (BOLD) signal, which quantifies changes in magnetic properties
between oxygenated and de-oxygenated blood surrounding neuronal activity in a given
brain region. Visual field mapping in fMRI makes use of BOLD and allows for the local-
isation of visual field representations in the cortex. This is done by using visual stimuli
such as a rotating and expanding flickering checkerboard which progress gradually through
the visual field which allows the identification of representations of polar angle and ec-
centricity. For example, the expanding ring stimulus illustrated in Figure 1.2 measures
the retinotopic organisation of visual areas in respect to visual field eccentricity. As the
expanding ring is delayed in the peripheral visual field relative to the centre, the temporal
phase of the travelling wave of responses varies as a function of distance from the central
visual field, cortical responses moving from posterior to anterior occipital cortex. Thus, it
is possible to systematically map out which portion of cortex is dedicated to processing
the corresponding part of the visual field, as can be seen in Figure 1.2. Based on the same
principle, the rotating wedge stimulus probes the retinotopic organisation of visual areas
in relation to polar angle, which enables the identification of hemifield and quarterfield
representations of visual space. The wedge rotates around the central fixation point, this
way periodically activating neurones along the direction of the rotation. The BOLD ac-
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tivation values are correlated with a reference function derived from the time course of
the retinotopic stimulus presentation. fMRI responses are quantified as the phase and
amplitude of the sinusoid that best fit the average time series of voxel response within the
visual cortex (DeYoe et al., 1996; Engel et al., 1997; Sereno et al., 1995).
Figure 1.2 – Travelling wave stimuli displayed on an inflated left hemisphere
surface. The rotating wedge stimulus (A) represents the response phase at
each polar angle location and the expanding ring stimulus (B) maps the phase
response of eccentricity. Boundaries of visual areas are indicated by white
lines, V1 is located in the calcarine sulcus (Cal-S) with dorsal and ventral V2
on either side, V3 following the same organisation. Figure is from Brewer and
Barton (2012)
The travelling wave method has successfully identified 20+ visual areas (Wandell et al.,
2007). Primary visual cortex, V1, occupies the calcarine sulcus and represents a hemifield
of visual space, i.e it is retinotopically organised, a layout which refers to the fact that
afferent connections from the retina hold their organisation through sub-cortical structures.
The transfer of visual input can be seen from the LGN to V1, where it then transforms
this information, sending it to secondary area, V2. V2 then distributes this signal further
up the visual hierarchy (Livingstone and Hubel, 1988). Taken together this methodology
allows us to identify, measure and compare attributes of visual field maps present in the
brain.
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1.4 Audio-visual connections
As visual organisation of the cortex is considered, the senses complement each other by col-
lating initially disparate pieces of perceptual information. To this end, cross-modal effects
can be found between visual and auditory cortices in primates, as the two sensory regions
have been shown to be anatomically interconnected; monkey visual cortex receives a large
number of neural projections from sections of auditory cortex from areas coding auditory
spatial information (Rockland and Ojima, 2003). The non-human primate auditory cortex
also sends projections primarily to areas of the visual cortex responsible for processing pe-
ripheral visual space (Falchier et al., 2002). These direct connections within the monkey
brain demonstrate the interdependence of the modalities, which in turn strongly suggests
that a similar neural architecture is present in the human brain.
Some of the numerous behavioural examples that show the interactions between the sen-
sory modalities include perceptual illusions, such as spatial ventriloquism, where a sound
is mislocalised towards a temporally matched yet visually displaced event, as well as the
McGurk effect (McGurk and Macdonald, 1976) where the perception of syllables is fused
between the auditory and visual perception of lip movements (Macaluso and Driver, 2005;
Spence, 2011). Auditory stimuli can also drive the spatial perception of visual stimuli,
leading to the overestimated perception in visual localisation (Recanzone, 2003). These ex-
amples showcase the interaction of sensory modalities and how they lead to our perception
of the multisensory world.
1.5 Auditory deprivation and visual compensation
How does the brain adapt when input from one sensory modality is lost? In congenital
deafness the interaction between auditory and visual sensory modalities are not available,
and the ramifications on visual perception are a subject of ongoing research with the
interconnections between the visual and auditory senses measured through behavioural
experiments and neuroimaging. Importantly, the latter methodology enables further in-
vestigation into the impact of congenital deafness on visual function and its neural markers.
Behavioural and brain imaging studies by a number of research groups have repeatedly
7
Chapter 1: Background
shown that lack of auditory stimulation does indeed influence visual processing (Neville
and Lawson, 1987; Loke and Song, 1991; Bavelier et al., 2000; Proksch and Bavelier, 2002;
Stevens and Neville, 2006; Hauthal et al., 2013; Heimler and Pavani, 2014; Shiell et al.,
2014; Codina et al., 2017). However, it is not simply a case of superior or inferior visual
processing abilities in deaf individuals, but rather a case of selective enhancements within
visual processing compensating for what would have otherwise been processed by the audi-
tory modality. Motion processing, specifically within the peripheral visual field, shows the
strongest enhancement in congenitally and profoundly deaf adults in this regard (Bavelier
et al., 2000; Stevens and Neville, 2006; Buckley et al., 2010; Hauthal et al., 2013). It is
not by chance that the observed sensitivity emerges within large eccentricities. Peripheral
vision is used to monitor the surrounding environment for changes and hazards, and nor-
mally benefits from the simultaneous context provided by auditory and visual modalities.
In the absence of the auditory input, peripheral vision can compensate for the lack of cross
modal integration.
To test possible effects of sensory deprivation on visual processing, Loke and Song (1991)
investigated differences between hearing and deaf subjects in visual target detection tasks,
and found that the deaf subjects were faster at detecting target stimuli in the periphery
(25 ◦), corroborating the predictions made by the sensory compensation hypothesis. The
reaction times were equivalent within the central visual field (0.5 ◦) for both groups; how-
ever, the experimental task was not ideal to measure central sensitivity, as both groups
performed at ceiling. In other cases, a perceptual deficit is observed in deaf individu-
als, where heightened sensitivity within the periphery occurs at a cost of lower visual
performance in the central visual field (Proksch and Bavelier, 2002). These findings are
consistent with the perceptual deficit hypothesis. However, it should be noted that there
are also a number of studies that do not support either hypothesis (Bross, 1979; Para-
nis, 1983; Reynolds, 1993). Reynolds (1993) carried out a central visual detection task,
where the target was displayed for 100ms, 2.2 ◦ from fixation. The reaction time of deaf
individuals did not differ from hearing controls.
A large body of research indicates however that advantages in visual perception are specific
to motion processing. There is still some variation present amongst tasks used to inves-
tigate these advantages, and behavioural differences between healthy and deaf subjects
are not always observed (Bavelier et al., 2000; Stevens and Neville, 2006; Hauthal et al.,
2013). In order to determine what type of motion processing is particularly heightened in
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deaf subjects, e.g. localisation or discrimination, Hauthal et al. (2013) employed a task
with coherently moving and static dots. These were presented in two apertures on either
side of a centred fixation point at 6.25 ◦ eccentricity. Deaf and hearing individuals did not
differ in their ability to localise movement. However, when asked to discriminate small
angular differences in the direction of dot motion, the deaf participants responded faster
and more accurately. Of note, this effect was not specific to the periphery, as the stimuli
were presented in the perifoveal visual field only. Additionally, kinetic perimetry tests,
where a subject has to detect a dot moving in from the far periphery, also demonstrate
higher sensitivity in deaf individuals in the periphery (Stevens and Neville, 2006; Buckley
et al., 2010).
In summary, although heightened visual abilities in deaf individuals are specific to motion
processing, the current body of evidence is nevertheless conflicting. This variability may
be partly accounted for by the substantial differences between experimental paradigms, a
factor that is beginning to be addressed in the literature relating to sign language use and
attentional load.
1.6 Effects of sensory experience
Several arguments suggest that the superior visual abilities in deaf individuals are devel-
oped due to the use of sign language as it relies highly on the processing of dynamic visual
information. Using a motion direction discrimination task to dissociate the effects caused
by deafness and the use of sign language, Neville and Lawson (1987) recruited hearing
participants fluent in American Sign Language (ASL), alongside hearing non-signers. Ap-
parent motion stimuli were presented within the central and peripheral visual field (18 ◦),
whilst brain responses were recorded in the form of event related potentials (ERPs). No
group differences in reaction time or ERP signals were observed within the central visual
field. However, deaf subjects were faster and more accurate at responding to apparent
motion presented in the periphery. ERP signals showed larger amplitudes within deaf
participants during peripheral visual stimulus presentation. Amplitudes over posterior oc-
cipital cortex were larger for the hearing group, while deaf subjects instead showed higher
amplitudes over regions of the anterior temporal as well as parietal cortex. This suggests
a wider neural network of processing within deaf subjects. Moreover, the hearing signers
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did not display any enhancements during peripheral visual field motion processing, indi-
cating that the enhanced behavioural and physiological visual processing in deaf subjects
is linked to sensory loss, and not the use of sign language.
Building on these findings, a lateralisation effect was observed by (Bosworth and Dobkins,
2002), demonstrating a right visual field advantage during a motion direction discrimi-
nation task in the deaf and hearing signers. Deaf subjects performed better within the
right peripheral visual field (15.4 ◦) compared to the left visual field, whilst the hearing
groups showed the opposite effect. The authors also reported a lower right visual quad-
rant advantage in deaf subjects compared to both hearing groups (signers and non-signers).
Therefore, the lower right hemifield quadrant as well as peripheral visual field advantages
can be attributed to hearing loss, and not the use of sign language. Alongside possible
effects of sign language, prolific video game players show an extended sensitivity in the
periphery when compared to hearing non-video game players, yet deaf individuals show a
larger visual area of sensitivity than these two groups, apparent predominantly below the
horizontal meridian of the visual field (Buckley et al., 2010). Likewise, a study by Bave-
lier et al. (2012) showed that video game players performed better at various behavioural
tasks, including visual motion coherence judgements. Taken together these strands of
evidence indicate that sensory experience and training can result in the enhancement of
visual perception in hearing individuals, similar to those observed in deaf individuals, even
in later stages of life.
1.7 Effects of attention
The influence of attention has also been argued to drive visual processing differences,
where a growing body of evidence has begun to show that attentional effects can be linked
to visual field processing advantages in deaf individuals (Bavelier et al., 2000; Proksch
and Bavelier, 2002; Dye et al., 2009). For example, in a shape discrimination task, deaf
participants were more distracted by incongruent shapes presented in the periphery while
the hearing participants were more distracted by central stimuli (Proksch and Bavelier,
2002). However, it is not clear in this case whether the heightened sensitivity observed
is a result of faster orienting of attention towards the peripheral visual field, or increased
sensory input from peripheral visual field representations.
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In a more recent experiment, (Bosworth et al., 2013) employed a new set of visual pro-
cessing tasks to investigate the possible influence of attention. Deaf participants displayed
a peripheral motion processing advantage with a right visual field bias, whilst the hearing
participants did not. When comparing the conditions of either high or low attentional
load, no differences were detected between the deaf and hearing groups. Therefore, the
data suggest that the heightened sensitivity in the peripheral visual field is potentially
independent of attentional modulation. These studies collectively demonstrate that the
visual enhancements seen within early deaf individuals cannot be explained by sign lan-
guage use or attentional influences alone, indicating plasticity as a result of sensory loss
within the visual modality.
1.8 Neural responses to peripheral visual motion processing
Deaf individuals show superior visual abilities within motion processing (Bosworth et al.,
2000; Neville and Lawson, 1987; Stevens and Neville, 2006; Buckley et al., 2010), and
a number of fMRI studies have investigated neural responses of deaf and hearing indi-
viduals to motion stimuli in fMRI. There are two specific visual regions highly involved
in responding to motion information, specifically motion areas V5/MT+ and V6, which
should be considered as possible neural substrates of the heightened visual sensitivity in
deaf individuals (Tootell et al., 1996; Huk et al., 2002; Galletti et al., 1999; Pitzalis et al.,
2006).
In both humans and non-human primates, the middle temporal cortical area MT+/V5
has been identified as highly selective to processing motion (Tootell et al., 1995). This
area consists of sub regions MT and MST (Huk et al., 2002). The MT region (posterior
part of MT+) displays a retinotopic map of the contralateral visual field. Conversely, the
MST region does not possess a clear retinotopic map, but instead displays wide array of
receptive fields which are highly involved in motion processing (Tootell et al., 1996). Area
V6, first identified in the macaque by Galletti et al. (1999), shows strong activation to the
contralateral visual field that extends up to 80 ◦. Unlike other early visual cortical areas,
the representations of the central visual field is not magnified relative to the periphery in
V6 (Galletti et al., 1999; Pitzalis et al., 2006). V1, V2, V3, V3A, V3B, and V4 have large
representations of central visual field (cortical magnification), but V6 differs by possessing
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disproportionately larger peripheral representations (Pitzalis et al., 2006). In addition,
V6 has larger receptive fields than earlier visual areas. V6 and V5/MT+ are outlined in
Figure 1.3.
Recent studies have investigated the functional specificity of motion areas in the human
brain and found that egocentric motion strongly recruits area V6, more so than any other
motion area (Cardin and Smith, 2011; Pitzalis et al., 2013; Billington et al., 2013). Pitzalis
et al. (2013) further suggest that area V6 is involved in distinguishing object motion from
self-motion by providing information that differentiates moving and static objects during
egocentric motion. The neuroanatomical evidence to date therefore provides a platform
for relating the functional specificity of brain areas V5/MT+ and V6 to the observed
behavioural enhancements within the processing of peripheral motion in deaf individuals.
A recent study further highlights the importance of these motion areas. The extent of the
peripheral visual field investigated was expanded to +/- 90 ◦ by Buckley et al. (2010) who
found significant differences in visual field sensitivity between deaf and hearing partici-
pants as measured through Goldmann kinetic perimetry. This task requires participants
to detect a visual stimulus moving towards fixation, whilst their head is placed in a dome
encapsulating 90 ◦ of their visual field. The effects were found in both the near-peripheral
(around 30 ◦) and far-peripheral (around 60 ◦) visual field, with deaf participants demon-
strating a larger area of sensitivity in both visual field regions. The extent of this height-
ened sensitivity points to the specialised involvement of far-peripheral motion processing
areas, possibly V5/MT+ or the more recently discovered area V6, which has a dispro-
portionately larger peripheral bias in comparison to earlier visual areas (Pitzalis et al.,
2013).
Bavelier and colleagues (Bavelier et al., 2000, 2010) examined visual responses of deaf and
hearing participants using fMRI. Random dot motion was presented in the central and
near-peripheral visual fields. This study also controlled for sign language, with a hearing
native signing group recruited alongside a hearing non-signing control group. Participants
were instructed to attend to either brightness or velocity changes within either the central
(0.4-1.73 ◦), near-peripheral (6.66-8 ◦) or whole visual field (0.4-8 ◦). When attending to the
motion stimulus the three groups demonstrated similar activation patterns in the central
and whole visual field conditions. Importantly, however, deaf subjects showed a larger
extent of activation within area MT+/V5 during the peripheral condition than hearing
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signers and non-signers. Collectively the above findings show us that deaf individuals
exhibit an advantage in motion processing within the periphery, and that this difference
cannot be attributed to the use of sign language.
Figure 1.3 – A) Brain location of the two motion areas V6 and V5/MT+
displayed on a left and right inflated hemispheres (posterior view) Source:
Pitzalis et al., 2010. B) Representation of retinotopic maps of eccentricity, ex-
tending to 50 ◦ on a flattened cortical map of an example participant. Source:
Pitzalis et al. (2006)
1.9 Cross-modal effects
In a parallel line of evidence, animal studies have demonstrated that a deprived auditory
cortex can be recruited to achieve enhanced visual processing in congenital deafness. For
example, superior performance in deaf cats to peripheral visual localization is mediated by
cross-modal effects seen in the auditory cortex (Lomber et al., 2010). Here, visual tasks
involving target localisation or motion detection were administered to deaf cats whilst
the selective application of cooling loops was used to de-activate specific regions of their
auditory cortex. When the posterior auditory cortex of deaf cats was deactivated, the
advantage over hearing cats in the task was nullified, with the same pattern of results
emerging when the dorsal auditory cortex was deactivated during the motion detection
task. Both results show the causal link between neural substrates within the sensory
deprived auditory cortex and the heightened visual abilities in deaf cortex. However,
it is not ethically viable to introduce such measures in human cortex, emphasising the
importance of other measures such as fMRI in isolating the critical neural substrates of
heightened visual performance.
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Cross-modal recruitment of the auditory cortex is also observed in humans when perform-
ing tasks involving visual motion (Fine et al., 2005; Armstrong et al., 2002; Bottari et al.,
2014). To this end, Fine et al. (2005) investigated visual responses of early deaf signers,
hearing signers, and non-signers to a dot motion stimulus 15 ◦ in the periphery on either
side of a central fixation point. When observing motion attention was also manipulated
with participants required to either detect luminance changes of the fixation point or just
passively observe motion. The study did not find any effects of attention upon visual mo-
tion processing across all groups of participants however, unlike the hearing participants,
deaf individuals did recruit the auditory cortex in the visual processing of motion.
These interesting findings have been bolstered by recent fMRI investigations, namely Scott
et al. (2014), who conducted an fMRI experiment aiming to record differences in brain
responses within the auditory cortex (Heschl’s gyrus) and whole brain between deaf and
hearing participants. In this case, visual stimulation occurred in either perifoveal (2-7 ◦)
or peripheral (11-15 ◦) visual fields. Deaf participants showed higher responses in auditory
cortex within the peripheral condition over perifoveal presentation, which was not observed
in hearing participants. Moreover, in the whole brain analysis, greater activity was found
in the deaf individuals across the primary auditory and visual cortex, MT+/V5, superior-
temporal and the posterior parietal cortex, suggestive of widespread neuroplasticity.
The studies outlined above indicate that sensory deprivation can cause cortical reorganiza-
tion. However, structural and functional changes observed in the superior temporal sulcus
in deaf individuals may be influenced not only by sensory but also cognitive aspects. In
deaf individuals, language development relies on visual communication such as sign lan-
guage and lip-reading. In an fMRI study, Cardin et al. (2013) investigated the effects
of life-long sign language use in hearing and deaf individuals. The additional novelty of
this research was the inclusion of deaf non-signers. As deaf signers rely on oral speech
reading, the study aimed to disentangle plastic changes caused by life-long sign language
use and life-long auditory deprivation. Based on their results, they concluded that plas-
ticity observed in the left superior temporal cortex originated from language experience,
and right superior temporal cortical plasticity was associated with sensory deprivation.
Furthermore, at lower BOLD signal thresholds, deaf participants demonstrated greater
activation in area MT+ and in the planum temporale. The study by Cardin et al. (2013)
was therefore uniquely able to disentangle effects of deafness and the modality through
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which a language is learned. This process appears to be significantly different from that
experienced by early deaf signers. Namely, this research shows that higher cognitive areas
process sign language, and the effects of sign-language and its acquisition would not be
reflected in primary or higher visual areas. In sum, the evidence thus far indicates a wide
selection of neural areas are recruited in cross-modal plasticity as a result of early auditory
loss.
1.10 The auditory cortex
The auditory cortex is mainly defined by areas receiving thalamic inputs from the medial
geniculate complex (MGC), although the specific locus of the auditory cortex in humans
is not as well defined, as visual regions for example, given that the specific MGC pro-
jections are not known (Hackett, 2011). As the definition of auditory cortex in humans
cannot reply on these projections, it is instead mainly defined on the basis of its neu-
ronal architecture and neurochemistry, which in turn has formed the basis of a number
of exploratory neuroimaging and electrophysiological studies. The human auditory cortex
occupies the posterior area of the superior temporal cortex including Heschl’s gyrus, the
planum temporale and a portion of the posterior superior temporal gyrus. As previously
discussed, the auditory cortex in deaf individuals is reorganised to process the remaining
visual (Finney, 2001; Lomber et al., 2010; Karns et al., 2012) and somatosensory inputs
(Karns et al., 2012). Accordingly, there are a number of different subregions within the
wide scope of auditory cortex, including the planum temporale, primary auditory cortex
(Heschl’s gyrus) and secondary auditory regions such as the posterior superior temporal
sulcus (pSTS), all of which have previously been investigated in line with cortical plasticity
in deaf individuals (Sadato et al., 2005; Fine et al., 2005; Karns et al., 2012; Scott et al.,
2014).
While the auditory cortex is quite a large region, depending on the subregion included, it
can nevertheless show a differential involvement in motion processing in deaf individuals.
Importantly, no previous study to date has implemented wide-field optic flow motion stim-
ulation within three separate regions, including primary auditory cortex as well as regions
posterior and anterior to it within the temporal cortex, within this population. A number
of higher cognitive areas and the recruitment of auditory cortex have been implicated as
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possible substrates of cortical plasticity in auditory deprivation. However, an emerging
body of evidence indicates that the observed visuo-spatial behavioural advantages in early
deaf individuals could be linked to intramodal plasticity within the visual system, apart
from those seen in the auditory cortices or higher cognitive areas. For example, enhanced
electro-physiological activity in primary and secondary visual cortex have been shown to
correlate with a more rapid detection of abrupt visual stimuli by deaf individuals. In
this case, the behavioural enhancement did not show any involvements of auditory cortex
(Bottari et al., 2011). Smittenaar et al. (2016) have shown thinner gray matter thickness
in the primary visual cortex of deaf individuals, when compared to hearing controls, but
this measure did not relate to behavioural visual advantages of the study. A more recent
study however, found correlations between structural measures of the planum temporale
(secondary auditory cortex) with visual task performance in deaf individuals (Shiell and
Zatorre, 2016). It is therefore not fully clear how plasticity in the shape of structural
differences can facilitate behavioural advantages in deaf individuals.
1.11 Conclusions
Important questions still remain unanswered concerning possible intramodal plasticity in
deaf individuals. Recently, far-peripheral visual sensitivity was found to be correlated
with differences apparent between deaf and hearing individuals in the structure of the
retina (Codina et al., 2011b). The deaf individuals demonstrated a larger neuroretinal
rim area, thought to reflect a larger number of retinal ganglion cells. Moreover, the
retinal nerve fibre layer (RNFL) within the peripapillary region was significantly thicker
in deaf participants, particularly in projections from the temporal retina, which processes
peripheral vision (Codina et al., 2011b). The thicker RNFL result correlated directly with
behavioural measures of peripheral visual field sensitivity (Goldmann kinetic perimetry),
linking the behavioural advantages to structural differences observed. This data suggests
plasticity at stages earlier than primary visual cortex (Codina et al., 2011b). We aim
to reveal effects of the structural differences in the retina of the primary visual cortex
in the context of heightened far-peripheral sensitivity in deaf adults. Neural substrates
involved in far-peripheral visual processing are challenging to identify with fMRI and
methodological constraints make it difficult to stimulate the far-peripheral visual field
reliably. As a result, the neural substrates tied to the effects of retinal plasticity have not
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been widely investigated thus far.
1.12 Summary
In summary, there is substantial evidence to support the effect of profound and congenital
auditory loss upon peripheral visual processing. This translates into behavioural differ-
ences where deaf adults show faster reaction times and greater sensitivity in the peripheral
visual field, especially in motion processing. The influences of sign language use (Neville
and Lawson, 1987; Bosworth and Dobkins, 2002), and attention (Bosworth et al., 2013)
were experimentally ruled out as influences upon plasticity within primary visual cortex.
Deaf individuals also display a greater involvement of motion areas, MT+/V5 (Bavelier
et al., 2000) and the re-organisation of the sensory cortices, such as the primary auditory
cortex (Finney, 2001; Scott et al., 2014). Effects in auditory regions have so far incor-
porated motion stimulation in limited eccentricities, and only in selected subregions of
auditory cortex. This study will therefore investigate responses to far-peripheral optic
flow motion in deaf and hearing individuals, within a larger scope of regions anterior and
posterior of primary auditory cortex. There is also evidence to support early structural
changes in the visual system of congenitally deaf individuals. The retinal nerve fibre layer
is thicker in deaf participants, compared to hearing individuals, which correlates with the
enhancement of peripheral visual field sensitivity (Codina et al., 2011b). If differences
can be observed as early as the retina, this may influence cortical plasticity as early as
the primary visual cortex. These differences between the enhanced visual processing and
retinal structure should be apparent at much further eccentricities than those studied to
date using fMRI. An appropriate avenue for subsequent investigations should exploit in-
tramodal observations to identify the potential, and specific, cortical regions that mediate
the perceptual enhancement seen in the far-peripheral visual field.
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Methods
2.1 Overview
This chapter provides an overview of the methodological approaches used in this thesis.
The methods used include a combination of data in form of functional and structural MRI,
as well as psychophysical measures. The aim was to investigate brain plasticity in relation
to visual processing advantages observed amongst deaf individuals. This was investigated
by quantifying cortical plasticity in the form of structural and functional measures in
early visual areas V1, V2 and V3 in the brains of deaf and hearing participants. A
novel methodological approach developed for fMRI for this body of work allowed us to
stimulate the far-periphery of these visual areas, stimulating a total of 144 ◦ of the visual
field along the horizontal meridian. Secondly, the aim of the study was to examine neural
responses in motion selective regions, and how differences here correlate with motion
perception. The study used the wide field fMRI stimulus presentation set up to present
participants with far-peripheral visual motion to target cortical areas processing motion,
which possibly underlie visual motion processing advantages in deaf individuals. This
study included definitions of visual motion areas V5/MT+ and V6. Auditory regions were
also investigated, as previous studies show large cross-modal plasticity within auditory
cortex of deaf individuals, but effects in far-peripheral motion processing of this area are
still largely unknown.
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2.2 Participants
All participants self reported normal or corrected to normal visual acuity and had no
known neurological conditions. Informed written consent for scanning and behavioural
components of the study were given by each participant in accordance with the Declara-
tion of Helsinki. The study was approved by The York Neuroimaging Centre Research
Governance Committee (Department of Psychology, University of York).
2.2.1 Deaf Subjects
The described experiments included 16 deaf participants, with a mean age of 34.1 (five
females, median 34.6, range 20-48). Three male and one female subject were left handed.
All participants self reported the extent of their hearing loss. Out of the group, three
participants were severely binaurally deaf (>61db) and the remaining 13 were profoundly
(>81db) binaurally deaf (WHO, 2016; see Table 2.1 for more details). They were recruited
through advertisements at the University of York, as well as through invitations extended
through collaborators, Dr Charlotte Codina and Dr David Buckley from Sheffield Univer-
sity. As an incentive, deaf subjects were paid for participating and reimbursed for their
travel expenses, if travelling from outside of York. Our deaf cohort consisted of individuals
who had been deaf from birth or an early age. A key difference between hearing and deaf
individuals is the use of a visuo-spatial language. Sign language use has been investigated
as a factor influencing behavioural differences seen in deaf individuals (see section 1.6).
Our deaf group had varying levels of exposure to BSL and English (see Table 2.1). Not all
participants knew the cause of their deafness, however the study did ensure that partic-
ipants do not suffer from Ushers syndrome, which often leads to a combined early-onset
visual and auditory impairments (Brennan and Bally, 2007). As outlined previously (see
section 1.6), it is important to consider other factors that can influence cross-modal plas-
ticity and differences in cortical processing. The heterogeneity of the sensory impairment,
as well as exposure to sign language and use of hearing aids within the deaf population
studied needs to be considered when interpreting experimental results. Based on previous
literature extracting any effects, other than deafness, which influence plasticity in this
population, the study reports, with confidence, investigations which target behavioural
and neural effects of plasticity caused specifically by auditory deprivation.
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Table 2.1 – Characteristics of adult deaf participants
Subject
Number
Age (at
testing)
Gender Handedness 1st Language BSL? Cause of Deaf-
ness
Age of Onset
(years)
1 43 M Right English Yes Hereditary Birth
2 48 M Left BSL Yes In utero measles Birth
3 47 M Right English Yes Hereditary Birth
4 46 M Right English Yes Rubella Birth
5 40 M Right English Yes Sensorineural
loss
Birth
6 20 F Right English No Unknown 2-4 yo
7 20 F Left English Yes Unknown Unknown
8 48 F Right English Yes Unknown Unknown
9 23 F Right English Yes Sensorineural
loss
Birth
10 31 M Left BSL Yes Hereditary Birth
11 31 M Right English Yes Unknown Birth
12 33 F Left BSL Yes Unknown Unknown
13 39 M Right BSL Yes In utero measles Birth
14 20 M Right BSL Yes Hereditary Birth
15 37 M Right English No Birth defect Birth
16 20 M Left English No Unknown Birth
2.2.2 Hearing Subjects
A total of 30 hearing participants with a mean age of 27.2 (13 females, median 25.5, range
20-48) took part in the outlined experiments. Three males and one female participant were
left handed. One of our hearing subjects had basic BSL knowledge, acquired only during
the 2 years prior to taking part in this study. This group of participants was recruited
through invitation and advertisement at The University of York.
2.3 Imaging Parameters
All functional and structural MRI data were acquired with a GE Healthcare 3 Tesla Sigma
HD Excite scanner with a 16 Channel Posterior Brain Array coil (Nova Medical) at The
York Neuroimaging Centre (YNiC). The 16-channel coil was used as it provides higher
MR sensitivity to signals in the occipital cortex and improves the signal-to-noise ratio.
2.3.1 Structural Data
The structural data were acquired with a high resolution T1-weighted isotropic scan se-
quence (TR, 8 ms; TE, 3 ms; flip angle, 12 ◦; matrix size, 256x256; FOV, 256mm; 176
slices; slice thickness, 1mm; voxel size, 1x1mm 3). The 16 channel half-head coil, together
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with the isotropic voxel resolution provide a good structural contrast, aiding the auto-
matic anatomical segmentation of grey and white brain matter. An inplane structural
proton density scan (TR, 2.7s; TE, 36ms; flip angle, 90 ◦; matrix size, 512x512; FOV,
192mm; 39 slices; slice thickness, 2mm; voxel size, 0.37x0.37mm 3) was acquired prior to
each functional sessions stimulating each hemifield in order to aid the co-registration of
functional data with structural data, as the sequence provides a high resolution volume in
the same slice prescription as the functional data. A T2* gradient echo scan (TR, 400ms;
TE, 4.3ms; flip angle, 25 ◦; matrix, 256x256; FOV, 260mm; 88 slices; slice thickness, 2mm;
voxel size=1.015x1.015x2mm 2) was acquired with the same slice prescription as the in-
plane structural for a subset of participants (3 hearing, 4 deaf) as it was introduced later
in the protocol. The scan aids the further correction for spatial inhomogeneities in struc-
tural scans, due to frontal signal drop off (see Figure 2.1) introduced by the posterior
half-head16-channel coil (Figure 2.3).
Figure 2.1 – Example of an uncorrected (A) and fast corrected (B) T1-
weighted structural isotropic image acquired with a 16 channel half-head pos-
terior array coil. The image demonstrates the signal loss drop off towards the
frontal cortex.
2.3.2 fMRI Data
Functional data were acquired with a BOLD T2* EPI sequence (TR, 3s; TE, 30ms; flip
angle 90 ◦; matrix size, 128x128; FOV, 192mm; 39 slices; slice thickness, 2mm; voxel size,
1.5x1.5mm 3. The first three functional volumes were discarded to allow the scanner to
reach a stable magnetisation level. The slice prescription (see Figure 2.2) was selected
to cover the occipital pole, as our focus was on early visual areas V1, V2 and V3, and
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motion areas, including area V5/MT+ which is located in the ascending limb of the lateral
occipital sulcus (ALTIS, specified in Dumoulin et al., 2000) as well as the parieto-occipital
sulcus, at the top of which V6 is located (Pitzalis et al., 2006). The 16-channel coil provides
higher MR sensitivity to signals in the occipital cortex and combined with the 1.5x1.5 mm
voxel sampling in these functional images improve the signal-to-noise ratio, as tested at
YNiC by Silson (2013, Thesis reference, section 3.5.3).
Figure 2.2 – A slice prescription example from a functional scan. The slices
are positioned just under the occipital pole and angled in order to also include
the top of the parieto-occipital sulcus (POS) where V6 resides. This structural
scan has been corrected for magnetic field inhomogeneities.
2.4 Visual Stimulus Delivery in fMRI
Visual stimuli were generated using Psykinematix 1.4 (Beaudot, 2009) on a Mac mini
OS X and projected to participants through the scanner bore with use of a projector
(Dukane 8942 ImagePro / PROPixx DLP LED). The participants viewed the stimuli
through a wide mirror, mounted on the head coil, allowing them to see the projection
on a custom in-bore acrylic screen (3050mm x 2030mm) mounted behind the head coil
(see Figure 2.3). The stimuli were viewed lying supine, at a distance of 275 mm. For the
Dukane projector, the average luminance of the display was 97.87 cd/m 2 measured with a
Minolta Luminance Meter (LS -100/LS 110) and mean luminance of 98.6 cd/m 2 (min:max
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luminance 2.42:199.7 cd/m 2) for the proPIXX projector, measured with a Spyder 3 Pro
calibration device, which is compatible with the Psykinematix stimulus delivery software.
The head of each subject was stabilised with foam pads placed around the participants
head inside the head coil and a forehead velcro-strap to reduce motion artefacts. The
study delivered stimulus to each hemifield in separate functional scans to retrieve signals
from the far-periphery, extending 72 ◦ into the visual field along the horizontal meridian.
All scans used passive viewing and continuous fixation throughout the session. Depending
on the stimulus used, the fixation cross was either a grey ’+’ sign, 0.87 ◦ in size (for
retinotopy), or a red ’+’ sign, 0.6 ◦ in size (for optic flow) and was located 36 ◦ off the
display centre, on the horizontal meridian, to map the given hemifield. In order to prevent
a gradual movement of the head towards the fixation cross, the head was tilted slightly
(ca. 3 ◦) towards the fixation cross in the given hemifield tested. The first data collected
indicated a gradual movement towards fixation, prompting us to tilt participants heads
to minimise motion confounds introduced by this gradual shift. All apart from a subset
of hearing (four) and deaf (five) participants had their heads tilted.
Figure 2.3 – A photograph of the MRI data acquisition set up. A custom
made acrylic screen and wide angle mirror are slotted on the 16 channel Nova
Medical half-head posterior coil.
Instructions were communicated in the MRI scanner between scans, verbally to hearing
participants and visually via PowerPoint slides to deaf participants. The deaf participants
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were asked to push down a button when a message appeared on the screen, and release
it when they had read the message and were happy to proceed, whilst hearing subjects
responded verbally. Every participant was provided with an emergency buzzer, which
could be pressed at any instance, if they wished to quit the scanning procedure. Presenting
stimuli in the far-peripheral visual field within fMRI is met with practical constraints, for
example, the bore size limits the possible screen size which can be used for stimulus
delivery. To our knowledge, this study was able to map the periphery to the furthest
known extent (72 ◦). However, other labs have employed wide field stimuli, extending out
to 55 ◦ (Pitzalis et al., 2006) and 60 ◦, with the use of magnifying lenses (Wu et al., 2013,
Yan et al., 2009).
2.5 Retinotopic Mapping of Visual Areas
To identify and measure visual field maps in the brain, phase encoded retinotopic mapping
procedures were used in fMRI (DeYoe et al., 1996; Sereno et al., 1995; Engel et al., 1997)
designed and presented on a Mac mini OS X with Psykinematix software (Beaudot, 2009).
The stimuli included a rotating wedge and expanding ring (Figure 2.4) which map the cor-
tical representation of polar angle (degrees of visual angle from the contralateral horizontal
meridian, 0 ◦-180 ◦) as well as the eccentricity (distance from the centre of gaze, 0 ◦-72 ◦).
The BOLD activation values are correlated with a reference function derived from the
time course of the retinotopic stimulus presentation. fMRI responses are quantified as the
phase and amplitude of the sinusoid that best fit the average time series of voxel response
within the visual cortex (as described in 1.3). The retinotopic stimuli were modified to a
wide field presentation, mapping each hemifield representation in separate scans in turn,
to the extent of 72 ◦, encapsulating 144 ◦ of the visual field, along the horizontal meridian,
(Figure 2.4 A,B). This approach is crucial to our study, as it allows us to investigate the
visual representation of the far-periphery in visual cortex, which to our knowledge, is the
furthest fMRI visual field mapping to have been carried out in human visual cortex.
Within this body of work, two variations of retinotopic stimuli were used. The first ver-
sion was carried out during pilot scanning of five deaf and four hearing participants. The
following 11 deaf participants and 16 hearing controls were scanned with a second version
of retinotopic stimulus the parameters of both versions were very closely matched. The
retinotopic stimuli used for pilot scanning were generated with MatLab (version R2012a;
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Figure 2.4 – Example frames of wedge (A) and ring (B) retinotopic stimulus
(version two) used in the current experiment to activate the left hemifield.
Each hemifield was tested separately, with the fixation cross placed 36 ◦on
either the left or right side of the screen. All stimulus counterphase-flickered
at 4 Hz and extended from fixation to 72 ◦ of visual field angle. The arrows
indicate the sequential direction in which the checkerboard pattern moved.
An example inflated right hemisphere (C) is labelled with the CC- corpus
callosum, POS- the parietal-occipital sulcus and CaS- the calcarine sulcus.
Figures D and E represent a close up of CaS, where V1 resides, with a colour
map overlay which are coded according to the response phase at each visual
field location for polar angle (D) corresponding to the rotating wedge (A) and
eccentricity (E) elicited by the expanding ring stimulus (B). Images (C), (D)
and (E) are from Wandell et al. (2007).
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The MathWorks, Natick, MA) and presented with matVis (Neurometrics Institute). These
included wedge and ring stimuli and both they contained high contrast reversing checker
boards, flickering at a rate of 6 Hz (100% luminance contrast, 50% luminance background,
see Figure 2.4, A,B). The rotating wedge stimulus extended horizontally to 72 ◦, vertically
ca. 20 ◦, covered 30 ◦ of the visual field and stepped in 11.25 ◦ increments, beginning at
the upper vertical meridian within both hemifield conditions. The expanding annulus had
a total annular width of 30 ◦, three ring-segments of sixteen wedges. As the rings ap-
proached the edge of the stimulated field, each ring was replaced by a new one originating
from the centre of fixation. A fixation cross, a grey ’+’ sign, 0.87 ◦ in size was present
throughout the entire scan. The second version of retinotopic stimuli following the pilot
scan also contained wedge and ring stimuli, consisting of high contrast reversing checker
boards, flickering at a rate of 4 Hz (100% luminance contrast, 50% luminance background,
see Figure 2.4 A,B). The rotating wedge stimulus also extended horizontally to 72 ◦, ver-
tically ca. 20 ◦, containing four segments covering 30 ◦ of the visual field and stepped in
15 ◦ increments, beginning at the upper vertical meridian for the right hemifield, and at
the lower vertical meridian in the left hemifield. The expanding annulus was comprised
of three ring-segments of eighteen wedges, with a total annular width of 30 ◦. As the
rings approached the edge of the stimulated field, each ring was replaced by a new one
originating from the centre of fixation. A fixation cross, a red ’+’ sign, 0.6 ◦ in size, was
present throughout the entire scan. Both retinotopic scans comprised of cycles lasting 36
seconds, of twelve motion steps, with eight full repetitions. The motion steps contained a
wrap-around effect to ensure a good fit between the BOLD response and sinusoidal nature
of the retinotopic data. The order of retinotopic scans and hemifield was counterbalanced
within each group to avoid systematic variations in response across stimulus types, as fa-
tigue can increase in participants over time when being scanned, and can affect the quality
of the signal within each functional scan.
2.6 Data Preprocessing
2.6.1 Preprocessing of Anatomical Data
T1-weighted images were corrected for magnetic spatial inhomogeneities with FMRIBs
Automated Segmentation Tool (Zhang et al., 2001, (FAST;). A subset of participants also
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had a T2* gradient echo scan acquired, which is divided by the T1 structural image (FSL
maths), further aiding the aforementioned FAST correction (see Figure 2.1). These data
were processed with the FreeSurfer 5.3 analysis suite (http://surfer.nmr.mgh.harvard.edu/).
The script used (autorecon) reconstructs the grey and white matter surface (Dale et al.,
1999). The occipital lobe of the reconstructed image was then corrected by manually
segmenting and topology checking in ITK-Snap (Yushkevich et al., 2005, version 2.2.0,
http://www.itksnap.org/pmwiki/pmwiki.php). These segmentations were used to create
flattened cortical representations (Dougherty et al., 2003; Wandell et al., 2000) on which
the retinotopic data were displayed using the mrVista toolbox (Wandell et al., 2000) writ-
ten for MatLab (version R2012a; The MathWorks, Natick, MA) .
2.6.2 Preprocessing of Retinotopic Data
Phase encoded retinotopic scans were processed with the mrVista toolbox (version 3,
run on Matlab 7.14; Wandell et al. (2000). In order to correct for motion, the T2*
functional volumes were aligned to the first acquired volume of the session. Data was
slice time corrected and high-pass filtered to remove baseline drifts. MrVista corrects for
motion within and between functional volumes and uses a mutual information motion
correction algorithm (Nestares and Heeger, 2000). The corrected functional scans were
co-registered to the coordinate space of the high resolution structural image for each
participant using FMRIBs Linear Image Registration Tool (FLIRT; Jenkinson et al., 2001)
and the Nestares alignment code (Nestares and Heeger, 2000) which is part of the mrVista
toolbox. To aid data visualisation, the phase encoded retinotopic data was displayed on
a flattened representation of the occipital cortex (Dougherty et al., 2003; Wandell et al.,
2000). The flat maps provide an easy way to identify visual areas (described in Section
2.7). The flattening process however distorts the distance and area measurements within
the 2D dimensions, all coordinates defined were therefore transformed into the 3D cortical
manifold and measurements extracted thereafter (Dougherty et al., 2003). Visual areas
V1, V2 and V3 were defined on the flattened representations.
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2.7 Delineation of Visual Areas
The delineation of visual field maps in visual cortex was based on previous literature,
which established the identifying features of visual areas (Engel et al., 1997; Sereno et al.,
1995; DeYoe et al., 1996; Wandell et al., 2007). As such, V1 and the ventral and dorsal
representations of V2 and V3 were functionally defined based on the phase of the responses
of voxels to the polar angle scan. The rotating wedge stimulus travelled from the upper to
lower vertical meridian in the right hemifield, and lower to upper vertical meridian in the
left hemifield. The data were restricted to voxels with at least a 0.2 coherence threshold
(>20% variance explained). The identifying features used to guide the delineation of visual
areas were:
• The eccentricity scan providing a reliable localisation of the foveal confluence,
• A smooth progression of phases across each visual area in accordance with the known
topographic representation on the cortical surface,
• The polar angle stimuli showing phase reversals, where visual areas share bound-
aries.
As mentioned (see section 1.2), V2 and V3 are split into upper and lower quadrant repre-
sentations, which surround the full hemifield representation of V1. The data from ventral
and dorsal representations of V2 and V3 were combined, after which data from areas were
combined across hemispheres.
2.8 Sub-ROI, Surface, Volume and Thickness Measures
One of the main aims was to investigate differences between our deaf and hearing partic-
ipants in the distribution of visual cortex relative to the visual field eccentricity it rep-
resents. To look at this, the amount of cortex dedicated to processing given eccentricity
sections of the visual field were quantified within V1, V2 and V3. The subdivisions within
each visual area were defined by eccentricity bins which would provide an approximately
equal number of voxels in each, in order to make these comparable between groups. These
bins corresponded to the representations of central (0-15 ◦), mid-peripheral (15-39 ◦) and
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far-peripheral visual field (39-72 ◦). The sub-ROIs delineations were guided by the eccen-
tricity data (expanding ring). Data representing the given response phase corresponding
to the given extent of the visual field stimulated was displayed on the flattened cortex.
This guided the manual selection of cortical surface devoted to representing the given rep-
resentation, and the definition included all voxels, and was no restricted to the inclusion
of only active voxels. The cortical volume (mm 3), surface area (mm 2) and grey matter
Figure 2.5 – An inflated view of the right hemispheric occipital cortex with
overlaid retinoropic data. (A) shows polar angle data overlaid, on top of which
definitions of V1, dorsal and ventral V2 and V3. (B) shows sub divisions
within these visual areas are defined based on the expanding ring data, with
the following representations of the visual field: C- represents the Central
(0 ◦-15 ◦), M- mid-peripheral (15 ◦-39 ◦) and P- far-peripheral (39 ◦-72 ◦).
thickness (mm) were extracted for each sub-ROI, within each visual area (Figure 2.5). The
surface area measurements were made on the 3D cortical manifold, following the method
used in Dougherty et al. (2003). In this method, the visual areas are outlined on a 2D flat
map, then transformed into the 3D manifold. The surface area was calculated by taking
the coordinates belonging to the selected ROI and finding the nearest node on the 3D
manifold describing the boundary of grey and white matter. The nodes of the ROI create
the vertices of the set of triangles which form the patch on the mesh which correspond to
the ROI. The sum of area of each triangle summed gives us the surface measure of the area
at hand. The cortical volume measure was extracted by counting all voxels within the ROI
transformed into the high resolution 3D view in mrVista (’Xform’ function in mrVista).
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As the voxels are 1mm 3 isotropic, the measure gave the volume in cubic millilitres within
each ROI. Mean cortical thickness was calculated by extracting the mean number of grey
matter layers within each ROI, as our scans have an isotropic resolution of 1mm 3, each
grey matter layer is 1mm. The means were extracted for every visual area as well as the
subdivisions within each.
2.9 Cortical Magnification
As one of the main aims was to measure the change in cortical sampling relative to the
visual field, the areal cortical magnification factor was calculated in visual areas V1, V2
and V3 in each participant. This was done by dividing the cortical surface area for each
ROI by the area of visual field (mm 2/degrees 2). This measure which is not been used in
previous studies, provides an estimated surface based cortical magnification. It provides
a continuous variable within each visual area, as the subdivisions are not independent.
These values were log transformed (log(mm 2/degrees 2)) as cortical magnification func-
tions follow an inverse exponential, and the points were fitted with a linear regression.
The gradient fitted through the three points within each visual area, V1, V2 and V3
were extracted from each participant (see Figure 2.6). The group means were extracted
and compared. This provided a sampling rate within each of the three regions, which,
when compared across individuals are not influenced by individuals differences in visual
area size (Andrews et al., 1997; Dougherty et al., 2003). All the measures described were
statistically tested within statistical software (IBM SPSS Statistics 20).
Figure 2.6 – Examples of cortical magnification gradients plotted per visual
area (V1, V2 and V3) of one single hearing (black) and deaf (grey) participant.
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2.10 Visual Motion Stimulus Design
Investigations of motion processing described in Chapter 4, made use of stimuli aimed
to maximally activate areas V5/MT+ and V6, and consisted of a block design with high
contrast optic flow field stimuli, adapted from Pitzalis et al. (2010). In the coherent motion
block, motion types presented alternated between radial motion (expanding/contracting)
or angular motion (clockwise/counter clockwise, see Figure 2.7). The motion presented
updated every 500ms, in a random order. Dots immediately began to move along the radii
to give the impression of motion expansion or contraction, to match the observer-centred
impression of forward or backwards movement along their line of sight, i.e., ego-centric
optic flow in depth. Angular motion followed the clockwise or counter-clockwise trajectory.
The random motion condition comprised of scrambled motion with a new presentation also
updated every 500ms. The central dots within all motion types moved slower than the ones
in the periphery as the dot size (between 0.75 ◦ - 3.2 ◦) and speed (between 8 ◦/s - 64 ◦/s)
increased in a logarithmic fashion in relation to eccentricity. In the coherent radial motion
blocks this simulated motion in depth (optic flow motion generated by moving forwards
or backwards). A fixation cross, a red ’+’ sign, 0.6 ◦ in size, was present throughout
the entire sequence. Each cycle was 36 seconds long and consisted of a 9 second block
of coherent and incoherent motion each followed by a 9 second black display with the
fixation cross present (Figure 3). As with the retinotopic mapping scans, our subjects
had their heads tilted slightly (ca. 3 ◦) towards the fixation cross in the given hemifield.
All apart from four hearing and three deaf participants did not have their heads tilted
during the optic flow presentation. Comparing the BOLD activation between the two
motion blocks and blank periods provide signals from areas highly tuned to any visually
responsive region. The contrast of coherent over incoherent motion yielded activation
clusters of motion processing areas, specifically ones integrating coherent motion, such
as area V6 (Cardin et al., 2012b), and MST/TO-2, a part of area of V5/MT+ (Huk
et al., 2002) which shows bigger receptive fields, integrating motion. Heading direction of
motion, V6 and MST/TO-2 show sensitivity to the change of field of flow (Cardin et al.,
2012b). Area MT/TO-1 within the V5 complex is known to be activated about equally by
any motion patterns (Smith et al., 2006). Blank periods help the BOLD signal return to
baseline which is crucial in distinguishing activation tied to the specific condition shown.
Incoherent motion provided a control condition for coherent motion, and contained random
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dot motion. Incoherent motion blocks contrast coherent motion and identify areas which
show even higher activity to coherent motion over incoherent motion. These areas include
V6 as well as TO-2 (a subdivision of area V5/MT+), both areas possessing wide receptive
fields which are vital in integrating coherent motion flow over larger visual field extents
(Smith et al., 2006).
Figure 2.7 – A Schematic of an optic flow stimulus cycle. The coherent
motion block consisted of four motion types (radial: expanding and contract-
ing, and angular: clockwise and counter-clockwise) 100 % coherence (outlined
above) these were presented in a random fashion, and updated every 500ms.
Incoherent motion updated every 500ms and consisted of 100% randomly mov-
ing dots. The cycle was repeated 8 times.
2.11 Preprocessing of Visual Motion Data
Statistical analysis in each participants data was carried out using FEAT (part of FSL,
FMRIB’s toolbox, Oxford, UK; Smith et al., 2004, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).
The first 3 volumes (9s) of the scan were removed as the scanner reaches magnetic satura-
tion during this time. Regressors for each condition-block in the GLM were convolved with
a double gamma hemodynamic response function. Preprocessing of data included motion
correction (MCFLIRT, FSL), spatial smoothing (Gaussian, FWHM, 4mm) and a tempo-
ral high-pass filter cut off (0.01Hz). First-level general linear model analysis (FILM) was
then carried out, where regressors for each condition-block were convolved with a gamma
haemodynamic response function. Each individual EPI sequence underwent time series
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prewhitening (Smith et al., 2004), allowing us to carry through contrasts for higher level
analysis to test for group effects . Individual subject GLM results were transformed into
standard 2 mm resolution MNI 152 space, with the use of inplane structural scans (Smith
et al., 2004).
2.12 ROI Analysis
For the motion stimulus data, the study compared differences in activation between the
deaf and hearing participants, using the dependent measure of average BOLD percentage
signal change across all voxels of the respective ROI. Activation was extracted for both
coherent and incoherent motion blocks, relative to fixation baseline. It was extracted
using Featquery within FSL (FMRIB toolbox). To carry this out, Featquery takes each
participants high-resolution structural scan and co-registers it to the standard MNI152
2mm brain using FLIRT multi-registration
2.13 ROI Selection
2.13.1 Area V5/MT+
The V5/MT+ visual motion area was investigated with a region of interest (ROI) con-
sisting of a sum of three previously established definitions of the area: a cytoarchitectonic
definition of V5 by the Juelich Histological Atlas (Eickhoff et al., 2007) as well as func-
tionally defined sub-divisions of area V5/MT+, TO-1 and TO-2, by Wang et al. (2015).
Areas MT and MST refer to macaque divisions of area MT+, whereas human V5, contains
functionally equivalent areas named TO-1 and TO-2 (Amano et al., 2009). The Eickhoff
et al. (2007) ROI is based on a definition of V5/MT+ in 10 postmortem brains by Ma-
likovic et al. (2007) resulting in a probability map of this area. They assigned each voxel
to the most probable area at its location and, to increase precision, restricted the region
to only include voxels assigned >10% probability (Eickhoff et al., 2007) see Figure 2.8.
The Wang et al. (2015) ROI definitions are functionally defined based on retinotopic
mapping (based on previous selections by Amano et al., 2009). Amano and collegues
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used motion localiser data to establish the location and extent of the subdivisions of area
V5/MT+, namely TO-1 and TO-2. The masks used for our analysis were restricted to
voxels assigned >15% probability. A stricter probability was used for this region as the
unrestricted mask spans over a wide cortical area, and also wanted to ensure that the two
sub-regions (TO-1/TO-2) overlapped substantially with the Juelich V5 definition (Eickhoff
et al., 2007). The probability value established by (Wang et al., 2015) was calculated by
dividing each node within the given ROI by the number of times those coordinates were
located within the ROI by the number of participants included for the given ROI. This
definition of TO-1 and TO-2 was based on 42-48 subjects. The value therefore provides
the likelihood of a given node to be identified as part of the visual area. In the current
study, a left and right V5 ROI was defined, consisting of the sum of voxels from Juelich
Histological Atlas (Eickhoff et al., 2007) and Wang et al. (2015) definitions, within the
standard MNI152 2mm brain (see Figure 2.8). The ROIs were combined with fslmaths, a
function which is part of the FSL, FMRIB’s toolbox (Smith et al., 2004). The standard
definition was transformed into each individuals brain, and the activation extracted with
Featquery in FSL. Together, these ROI masks provide a well encapsulating definition,
being based on both cytoarchitecture and functional definitions. The mask also takes into
account the asymmetry between hemispheres (see Figure 2.9).
2.13.2 Area V6
Area V6 is located within the parieto-occipital sulcus in each hemisphere. Previous re-
search using wide-field retinotopic mapping revealed that V6 in each hemisphere has a
full visual map of the contralateral hemifield and a large emphasis of the peripheral vi-
sual field (Pitzalis et al., 2006, 2010). The area is highly activated by coherent motion,
especially motion which is egomotion compatible, providing motion in depth such as optic
flow stimuli (Cardin and Smith, 2011). In our study, the V6 ROI was defined based on the
activation cluster derived from contrasting coherent optic flow motion blocks over incoher-
ent motion blocks (see Figure 2.10). V6 is a visual area which has been discovered during
the last decade, and to our knowledge, there are no cytoarchitectonic of functional atlas
definitions widely available to guide its definition. The area is also very focal, and occupies
a small area of cortex, at the end of the parieto-occipital sulcus. The study therefore chose
to create a spherical ROI mask in each hemisphere, based on group analysis including a
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Figure 2.8 – Combined V5 ROI as defined within the standard MNI 152
brain (2 mm voxel resolution. The masks above show the Juelich atlas and
(Wang et al., 2015) definitions of the total area of V5 (in yellow), as well as
TO-1 (green) and TO-2 (red) which are two known functional subdivisions of
the V5/MT+ complex.
Figure 2.9 – Left and right V5 ROI masks used in analysis, which are con-
stituted of the Juelich cytoarchitectonic atlas (Eickhoff et al., 2007) as well as
definitions of TO-1 and TO-2 by (Wang et al., 2015) represented on the MNI
152 brain.
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total of 40 both deaf and hearing participants.
Each individuals fMRI data were processed using FEAT (FMRI Expert Analysis Tool)
Version 6.00, part of FSL (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). Prepro-
cessing of the data included motion correcttion with MCFLIRT, spatial smoothing using
a Gaussian kernel of FWHM 4mm and a high-pass temporal filter (cutoff, 0.01 Hz). The
first-level general linear model (FILM) analysis tool was used on each individuals functional
data with time series pre-whitening (Woolrich et al., 2001). These data were transformed
into standard MNI152 2mm brain space (Jenkinson et al., 2001). Higher-level analysis of
all 40 participants was done with FLAME Bayesian mixed-effects analysis (Beckmann et
al., 2003). The inplane structural scan was used in a co-registration process (FLIRT; Jenk-
inson et al., 2001) to transform the functional images to the high resolution T1 structural
scan.
Group analysis was carried with 13 deaf and 27 hearing participants with the FMRI Expert
Analysis Tool, which is part of the FSL, FMRIB’s toolbox
Figure 2.10 – Left and right V6 sphere ROI used for analysis. The sphere
ROIs are both 10mm in diameter, grown around the center of gravity of the
group activation cluster derived from the coherent > incoherent motion con-
trast, p<.05.
The group activation clusters were extracted from the contrasting of coherent>incoherent
motion blocks from the optic flow functional MRI scan. An ROI sphere (10 voxel diameter,
2mm 3 voxels, 2cm sphere diameter) was built around the COG voxel (Figure 2.10). This
spherical ROI defined in MNI standard space was then transformed back to each individu-
als anatomical space using FLIRT (FSL toolbox). Our V6 coordinates, as (Stenbacka and
Vanni, 2007), where reported bilaterally also show that V6 is located slightly lower in the
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Table 2.2 – MNI coordinates (mm) of area V6 found in previous studies. Sten-
backa and Vanni (2007) provide coordinates of V6 within both hemispheres,
whilst the remaining research provides it unilaterally
Coordinates - x,y,z
Left V6 Right V6 Authors
-11,-77,46 N/A (Pitzalis et al., 2006)
N/A 9,-82,36 (Pitzalis et al., 2010)
-12,-77,37 18,-77,34 (Stenbacka and Vanni, 2007)
-12,-78,32 24,-80,34 Current study
right hemisphere. Our coordinates vary somewhat from those defined by previous studies,
particularly within V6 in the right hemisphere (Table 2.2). As the region is focal, it is
crucial to base the definition on the group analysis. Defining the ROIs based on previous
literature could have caused a failure to detect crucial activation within V6.
2.13.3 Auditory Cortex
When investigating cross-modal plasticity in the auditory cortex of deaf individuals, fMRI
studies query a variety of predefined cortical regions. The Harvard-Oxford Cortical Struc-
tural Atlas (Harvard Center for Morphometric Analysis) includes definitions of primary
auditory cortex, Heschl’s gyrus, as well as secondary auditory and somatosensory area
Planum Temporale (PT). The Juelich histological atlas (Eickhoff et al., 2007) contains
definitions of primary auditory cortex (Te1) where it is divided into three distinctive ar-
eas, namely: Te1.0, Te1.1 and Te1.2. These areas are based on the microstructural analysis
of HG in 10 post-mortem brains (Morosan et al., 2001).
In the current study, three separate regions of interest within auditory cortex were chosen
to measure the response profile to visual optic flow motion stimuli. The three regions
were chosen in order to separate the broader auditory area along the Sylvian fissure,
superior or inferior to Heschl’s gyrus, to include regions representing primary, secondary
and associated auditory regions. As explained previously (section 1.9), effects of plasticity
observed due to auditory deprivation can be seen in various regions within the auditory
cortex (Fine et al., 2005). It is possible that regions which are multisensory in their
processing of sensory signals show higher levels of plasticity in deaf individuals when
processing motion stimuli than regions which process sensory inputs in a unimodal fashion,
as shown in previous literature concerning plasticity within auditory cortex in the deaf
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Figure 2.11 – Left and right auditory cortex masks, TE 1.2 from the Juelich
citoarchitectonic atlas (Eickhoff et al., 2007), PT (Planum Temporale) and
HG (Heschl’s Gyrus) from the Harvard-Oxford Cortical Structural Atlas rep-
resented on the MNI 152 brain.
brain (Lomber et al., 2010).
Firstly, the study included Heschl’s gyrus (HG) as it would correspond to the core of
primary auditory cortex, and overlap substantially with the Te 1.0 region, as defined in
the Juelich atlas (Eickhoff et al., 2007). A quantitative analysis of myelination across
Heschl’s gyrus (Dick et al., 2012) showed that the highest myelination was found within
the medial section (2/3) of the HG region, area Te 1.0. In order to ensure HG focal nature,
a restricted version of the HG ROI was used (<20% probability, see Figure 2.11).
Secondly, the Harvard Oxford cortical definition of Planum Temporale was chosen. The
area is located slightly posterior to the auditory cortex (HG) within the Sylvian fissure.
PT is very asymmetric, and can vary tenfold and is usually larger in the left hemisphere
(Rademacher et al., 2001)(see Table 2.3). This area has previously been used to identify
cross-modal plasticity in deaf individuals (Fine et al., 2005, Shiell et al., 2010), and is
involved in auditory and language processing. Additional neuroimaging studies show its
involvement in auditory spatial localisation (Warren et al., 2002). The study restricted the
region of PT to above 10%, as the unrestricted region covers a very wide extent of temporal
cortex, spanning from the superior temporal gyrus all the way along the Sylvian fissure
to the supramarginal gyrus. The region was restricted in order to include more secondary
auditory areas, STG (superior temporal gyrus) and STS (superior temporal sulcus). The
ROI also includes Wernickes area (posterior STG), essential for language comprehension.
As the modality of language differs significantly between deaf and hearing individuals, this
region can show high levels of plasticity.
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Table 2.3 – Sizes of the auditory ROIs used in analysis, as defined in standard
space (MNI 2mm brain, 1 vox = 2mm). used to extract mean percentage
BOLD signal changes to visual motion.
Left Hemisphere Right Hemisphere
ROI number of voxels mm3 number of voxels mm3
V5 1997 15976 1937 15496
V6 515 4120 515 4120
TE 1.2 1263 10104 934 7472
Planum Temporale 1464 11712 1242 9936
Heschl’s Gyrus 477 3816 430 3440
Finally, area Te1.2 was also included. It is localised anterior of the core of HG, which
shows broad lateral connections in layer III, which contains clusters of medium sized IIIc
pyramidal cells (Morosan et al., 2001). These in turn can also be seen in non-primary au-
ditory areas, which could indicate connections with auditory areas implemented in spatial
processing of auditory motion. Area Te1.2 was chosen as it is part of HG, however its
structure of IIIc pyramidal cells resemble a similar profile seen in non-primary auditory
areas (Morosan et al., 2001). This ROI was not restricted, as it is focal in its existing
definition. As these regions are placed in near proximity, any possible overlaps between
the ROIs were removed with fslmaths (Smith et al., 2004, part of the FSL, FMRIB’s tool-
box;). This was done to ensure that activation measured within each region did not ’leak’
into activation measurements of the other two auditory regions.
2.14 Psychophysical Experiments
Psychophysical testing measures the thresholds and abilities of our perceptual systems.
Two psychophysical experiments were used to investigate far-peripheral visual motion
sensitivity within our deaf and hearing participants. These included a global motion
discrimination task and a local motion detection task.
2.15 Global Motion Discrimination Stimulus
The global motion discrimination task consisted of stimuli designed to stimulate the far-
peripheral visual field and test motion direction discrimination of coherent motion within
incoherent motion noise. The task was designed based on stimuli known to highly activate
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V6 (Pitzalis et al., 2006; Cardin et al., 2012a) and area V5/MT+ (Smith et al., 2006),
which were speculated to be correlates of global motion discrimination performance, and
possible substrates of higher sensitivity in deaf individuals. The task consisted of three
conditions testing the central visual field, left hemifield and right hemifield. Within each
of these, the participants task was to judge the direction of motion within either radial or
angular motion trajectories, and these two motion types were presented in separate runs.
The size of the moving dots was scaled according to eccentricity, to account for cortical
magnification (Cowey and Rolls, 1974) as well as create the illusion of motion in depth
(optic flow). Within the central condition, the motion stimulus comprised of dots, sized
12 arc min (0.2 ◦), with a density of 0.5 dots/deg 2. Each dot moved at a speed of 5 ◦/s.
These stimuli were presented within an aperture with a 5 ◦ radius around central fixation
(a red ’+’ sign, 0.5 ◦ in size). The far-peripheral condition contained dots sized 55.2 arc
min (0.92 ◦), with a density of 0.3 dots/deg 2. Each dot moved at a speed of 50 ◦/s. The
stimuli were presented in an aperture extending beyond the edge of the screen, with a
fixation target situated either at -40 ◦ or +40 ◦ horizontally shifted off centre, such that
each hemifield was tested separately. In order to target the far-peripheral visual field
only, the central part of the aperture was masked, in order to display motion only beyond
40 ◦ from fixation, extending to the edge of the screen, at 89 ◦ (see Figure 2.12). The
dots were white (198.8 cd/m 2) displayed on a mean luminance background (99.9 cd/m 2),
and stimulus presentation lasted for 500ms, the next commencing after a response was
given. Radial and angular motion conditions were tested in separate 2AFC runs, where
participants judged the perceived direction of dot motion to be either clockwise/counter-
clockwise for the angular condition and inwards/outwards during the radial condition.
Responses were recorded through a keyboard, and participants used their preferred hand
to respond.
2.16 Local Motion Detection Stimulus
The local motion task was designed to test the sensitivity of local motion detection at
different eccentricities, including the far-periphery, in contrast to the global motion dis-
crimination task. Previous studies with localised motion tasks have reported visual pro-
cessing advantages in deaf human subjects (Hauthal et al., 2013; Shiell et al., 2014; Scott
et al., 2014) and deaf cats (Lomber et al., 2010). The stimulus used consisted of two
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Figure 2.12 – A schematic representation of two eccentricity conditions (cen-
tral: A, C; left peripheral B,D). The green arrows represent the two possible di-
rections of motion, it being either angular, clockwise/counter-clockwise (A, B)
or radial, inwards/outwards (C, D). The right peripheral hemifield condition
was a mirror image of the left hemifield condition. The green arrows indicate
the two possible angular motion directions (clockwise and counter-clockwise
directions). The coherently moving dots would be amongst incoherently mov-
ing ones, where the percentage of coherently moving dots necessary for 75%
correct responses was extracted as the motion discrimination threshold.
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apertures, 9 ◦ in diameter, on either side of the fixation cross. There were four conditions,
where the dot apertures were positioned centred at either 5 ◦, 10 ◦, 20 ◦ or 40 ◦ away from
fixation (a red ’+’ sign, 1 ◦ in size), on the horizontal meridian. Each aperture contained
30 dots, 0.5 ◦ in size, with a dot density of 0.47 /deg 2 and the dots had a Gaussian en-
velope (0.1 deg sigma) (see Figure 5.6). The envelope was applied to the dots as well as
the aperture to minimise the use of the edge from providing cues to influence participants
judgements. They were white (198.8 cd/m 2), presented on a mean luminance background,
(99.9 cd/m 2) giving a 50% contrast. The motion trials were presented for 500ms, the dots
having a limited lifetime of <500ms to minimise tracking of single dots, to ensure that
participants detected motion by net motion judgements.
To ensure stable fixation, participants were given clear instructions and their performance
was monitored in person during training, as eye movements were not monitored. A previ-
ous study observed that deaf participants appear to have a higher level of fixation stability
than hearing individuals (Codina et al., 2011b). In each trial, one of the two apertures
would contain dots moving randomly either left or rightwards with 100% dot coherence.
Participants were instructed to indicate which of the apertures contained motion (left or
right aperture), but not the direction of dot motion. The next trial would begin after the
response was given.
Figure 2.13 – A close-up schematic of the local motion detection task. The
bilateral dot clusters were positioned 5, 10, 20 or 40 degrees away from fixation
on each side, contained 30 dots with a Gaussian envelope. One of the two dot
clusters would contain either leftward or rightward 100% motion.
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2.17 Procedure
Both psychophysical tasks used the method of two alternative forced choice (2AFC), and
were designed in Psykinematix (Beaudot, 2009). Subjects were seated in front of a Sam-
sung 51 plasma display (dimensions of 1188 mm x 707 mm, resolution: 1680x1050 pixels)
in a dark room seated at a viewing distance of 600mm. Before commencing the exper-
imental trials, the subjects were familiarised with the design with practice trials. Each
participant went through practice trials for one 5 ◦ and one 20 ◦ condition in the local
motion task and one peripheral and one central condition in the global motion task (hemi-
field chosen at random). Each run in each condition included 100 trials in total, where the
first 10 allowing for training and not included in the fit of a Bayesian adaptive Weibull
staircase (Kontsevich and Tyler, 1999). In the global motion task samples were taken
between 0-100% coherence in steps of 1.875 (40 samples), and in the local motion task,
between speeds of 1 ◦/s - 0.001 ◦/s in steps of 0.025 (40 samples). The experimenter was
present during this practice period to make sure the participant understood the procedure,
as well as provided an opportunity for participants to ask questions. When testing deaf
subjects familiar with BSL, a BSL interpreter assisted in explaining the task if further
clarification was needed. The order in which participants carried out the different condi-
tions was randomised to avoid practice effects as a possible confound. Every participant
carried out each condition at least twice, if the thresholds were in close agreement. If the
thresholds were not, participants completed additional runs to ensure closer agreement
of thresholds. Before each run, participants were prompted with written instructions on
screen, where they were reminded to fixate on the cross at all times. Responses were
recorded through a keyboard. Participants chose to respond with their preferred hand.
Testing each participant took 40-60 minutes per task, depending on breaks taken between
runs and explanation time needed.
2.18 Preprocessing of Psychophysical Data
In the global motion task, the threshold obtained indicated the percentage of coherently
moving dots relative to randomly moving dots within the aperture. The percentage of
coherently moving dots was varied per trial to establish a coherence threshold, meaning
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the percentage of coherent-motion signal yielding responses at 75% correct. The threshold
from each run was then averaged across runs within each condition to provide a mean
for all motion sensitivity within a visual location. These included means for the radial
and angular motion runs within the central, left and right peripheral locations. In the
local motion detection task, the threshold was based on the minimum speed necessary
for 75% correct detection. Thresholds extracted were averaged across runs, to provide
one mean threshold for each eccentricity condition. For both tasks, a Bayesian adaptive
Weibull staircase paradigm was used to extract thresholds (Kontsevich and Tyler, 1999).
The mean median reaction times were recorded for the correct response trials in each
condition for both tasks. Responses given before 200ms were discarded, attributed to
premature responses or a lapse in attention.
2.19 Adaptive Staircase - 2AFC Weibull Function
To establish the motion sensitivity threshold in both psychophysical experiments an adap-
tive Bayesian staircasing procedure was used, developed by Kontsevich and Tyler (1999)
and implemented in Psykinematix. This is a way in which a variable level (speed or type
of motion) selected at each trial is determined by the observers responses on previous
trials, extracted from the posterior probability distribution of values sampled across the
psychometric function (Figure 2.14).
Figure 2.14 – Example psychometric function representing an increasing
weibull model used to extract a perceptual threshold, from Psykinematix
(Beaudot, 2009).
The sensitivity of the function is controlled by two parameters: alpha, which determines
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the overall position of the psychometric function along the abscissa of the psychometric
function, and beta, which determines the slope of the curve. As the Bayesian adaptive
staircase method converges quickly to produce asymptotic estimates of both the alpha and
beta parameter, only 100 trials or fewer were needed to reach a threshold. The method used
requires fewer sessions compared to a standard staircasing procedure where more sessions
are usually needed, producing more variable estimates of the threshold. The method allows
us to ’home in’ on the individuals detection or discrimination threshold and restricts the
number of trials presented, minimising the presentation of trials that are either to easy or
too difficult, concentrating the trials around threshold values to improve estimates. This is
vital as the present study had limited access to congenitally deaf subjects. A large number
of our deaf participants travelled from different cities to take part in this study. All testing
would often take part during one day, as time was limited it was crucial to maximise data
collection efficiency and minimise participant fatigue. Each trial lasted approximately 3-4
minutes and consisted of 100 trials, and the threshold convergence only began after the
first 10 trials.
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Visual Field Representations in
Visual Areas of Deaf and Hearing
Adults
3.1 Overview
This chapter describes the first empirical experiment which investigated intramodal plas-
ticity within the visual cortex of deaf adults compared to hearing controls. The chapter
begins with a brief background describing previous evidence of cortical plasticity within
deaf individuals. The experimental hypotheses are then outlined, followed by a brief
description of of wide-field retinotopic mapping methods used in fMRI. The results are
described with a focus on the distribution of visual field representations within primary
visual cortex, known as V1, as well as visual areas V2 and V3.
3.2 Background
The loss of one sensory modality can lead to changes in behavioural performance which
relies on the remaining sensory modalities. A number of studies show behavioural ad-
vantages in congenitally deaf individuals, especially in processing of visual motion in the
peripheral visual field (Neville and Lawson, 1987; Bavelier et al., 2000; Proksch and Bave-
47
Chapter 3: Visual Field Representations in Visual Areas of Deaf and Hearing Adults
lier, 2002; Hauthal et al., 2013; Heimler and Pavani, 2014; Shiell et al., 2014, Loke and
Song, 1991).
In line with behavioural changes, a multitude of evidence shows that auditory deprivation
can lead to large-scale cortical reorganisation (Heimler and Pavani, 2014; Sadato et al.,
2005, Bottari et al., 2012a). This plasticity in the deaf is seen in a number of cortical
regions, such as motion area V5/MT+ (Scott et al., 2014, Bavelier et al., 2001) and audi-
tory cortex during visual presentations of motion (Finney, 2001; Armstrong et al., 2002;
Fine et al., 2005; Lomber et al., 2010; Meredith et al., 2011; Vachon et al., 2013; Bottari
et al., 2014). In addition to differences in V5/MT+ and auditory cortex, when presenting
deaf and hearing participants with peripheral visual stimuli, the superior temporal sulcus
(STS) also shows increased activation in deaf participants compared to hearing controls
(Scott et al., 2014). Cross-modal processing involving visuo-somatosensory stimuli also
show increased activation of auditory cortex in deaf individuals (Karns et al., 2012).
The aforementioned studies outlining various behavioural and neural findings do not gen-
erally investigate the peripheral visual field beyond 30 ◦ of eccentricity. From an ecological
perspective, auditory cues are useful in directing hearing individuals to events in the far-
periphery or even outside of the visual field. As deaf individuals lack this input, one could
expect that deaf individuals benefit the most from higher visual sensitivity beyond 30 ◦.
The peripheral representations are more likely to accommodate these sensory changes, as
Burnat (2015) explains that visual peripheral processing shows higher levels of plasticity
throughout life, in contrast to central vision, which is solidified during earlier stages of de-
velopment. Buckley et al. (2010) show support for this, as they found strongly significant
behavioural differences between deaf and hearing individuals in the far periphery. Visual
field sensitivity was measured with a Goldmann kinetic perimetry test extending out into
90 ◦ into the periphery. Both near peripheral (around 30 ◦) and far-peripheral (around
60 ◦) visual field processing advantages were found in deaf participants, when compared
to hearing controls.
Where can substrates responsible for this behavioural advantage be found? Before dis-
cussing possible substrates of this heightened sensitivity in the brain, Codina et al. (2011b)
investigated the early visual pathway of deaf individuals with use of optic coherence tomog-
raphy (OCT). The researchers showed structural differences in the early visual pathway,
where deaf individuals demonstrated a larger neuroretinal rim area, the region in which
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ganglion cell axons exit the eye. In addition, portions of the retinal nerve fibre layer
(RNFL) containing projections from the peripheral retina were significantly thicker in
deaf participants Codina et al. (2011b). The RNFL thickness within both hearing and
deaf participants correlated directly with behavioural measures of peripheral visual field
sensitivity in both the far-peripheral (60 ◦) and near-peripheral (30 ◦) conditions. This
provides evidence of early-visual structural differences of the retina relating to visual pro-
cessing advantages specific to the near and far-peripheral visual field.
As mentioned, Codina et al. (2011a) have shown early visual stream differences in the
retina of deaf individuals, as well a thicker retinal nerve fibre layer in the peripapillary
regions which contain neurones processing the temporal retina (peripheral projections).
Changes seen this early in the visual stream indicate a possible difference downstream
where these signals are received, in primary visual cortex (V1).
It is still uncertain whether deaf adults show an overall size difference in V1, V2 and V3,
relative to hearing controls. An early study showed no differences in overall V1, V2 and V3
size between deaf and hearing participants (Fine et al., 2005). Another study investigating
the structural cortical differences between deaf and hearing individuals by Allen et al.
(2013) report that deaf participants have a larger volume in the calcarine cortex (the site
of V1) compared to hearing individuals. The volumetric measurements mentioned consist
of both the cortical thickness measurement and surface area. Song et al. (2015) suggest
that the two dimensions measuring cortical volume, namely thickness and surface area,
contribute to processing advantages in different ways. A larger surface area, and thinner
cortex correlated with visual perceptual advantages in their study. Another fMRI study
reported that deaf adults have a thinner cortex within the peripheral representation of V1
(Smittenaar et al., 2016). In the current study, measures of surface area and thickness
were extracted to investigate if and how these two cortical dimensions reflect plasticity
as a result of hearing loss. The above mentioned fMRI studies by Fine et al. (2005)
and Smittenaar et al. (2016) were based on visual field mapping extending to 15 ◦ and
37.5 ◦ respectively, and did not incorporate the far peripheral visual field representation
where the behavioural enhancement seems most prominent. It is essential to expand
on current research by including measurements of far-peripheral cortical representations
(up to 72 ◦ in this experiment) in order to explore neural substrates of the behavioural
advantage seen in the far eccentricities. As a result of sensory loss, these regions of visual
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areas are likely to exhibit signs of plasticity, possibly in shape of larger overall visual
field representations, or a larger amount of cortical surface area devoted to the periphery,
relative to the central visual field. It is important to note that the size of V1 can vary up
to threefold between individuals (Andrews et al., 1997; Dougherty et al., 2003). Previous
studies have related V1 size to perceptual differences (Schwarzkopf and Rees, 2013), as well
as related cortical magnification functions of V1 with acuity thresholds on an individual
level (Duncan and Boynton, 2003). Therefore, if structural differences between deaf and
hearing adults are found in early visual cortex, it could directly relate to their behavioural
visual enhancements reported in previous studies.
This study also included measures of visual areas V2 and V3 as few studies investigate if
the structure and function of these areas can also exhibit plasticity as a result of deafness.
Areas V2 and V3 are well defined early visual areas with clear visual field representations
and are easily measured with retinotopic mapping procedures. V1 and V2 are still highly
correlated and can be traced to individual differences in optic tract surface, as presented
by Andrews et al. (1997). Primate studies show that V3 is not related to the earlier visual
areas in the same manner, hence it is likely that its surface area depends on other inputs,
possibly from central locations or neural connections passing through V2 but bypassing
V1 (Sincich and Horton, 2005). Furthermore, functional specialisation of visual areas
V2 and V3 has been investigated in neurotypical individuals, for example, Marcar et al.
(2000) showed that V2 cells in the macaque are specifically tuned to boundary information
as defined by motion, specific to the orientation of that boundary. Likewise, research in
humans suggests that V2 could be involved in the detection of border ownership (Zhou
et al., 2000). A recent study also showed the specialised involvement of V2 in the processing
of naturalistic image structures (Freeman et al., 2013). As V2 and V3 receive strong inputs
from V1, and if plasticity is seen in V1, it is likely that these regions will also be influenced
as a result. On one side, it is possible that V2 and V3 will mirror any effects seen in V1,
or, as the regions are more extrastriate visual areas, they could display higher levels of
plasticity.
Other possible factor influencing plasticity in the deaf population could originate from
changes in cross-modal connections between auditory and visual cortices. Peripheral vi-
sual projections also show specific interconnections with auditory cortex. Falchier et al.
(2002) show direct connections between the primary visual and auditory cortex within
50
3.3 Summary and Hypotheses
hearing primates. Therefore, visual information can reach the auditory cortex, however
these signals could be strengthened in deaf individuals due to a higher reliance on visual
cortex. The visual cortex is organised in a hierarchical fashion, and the effects mentioned
in higher visual areas are likely to be underpinned by changes occurring earlier in the
visual stream.
3.3 Summary and Hypotheses
The goal of the current study was to investigate the possibility of intramodal plasticity
within primary visual cortex as a result of lifelong auditory deprivation, which might
underpin visual advantages found within the far-periphery of deaf individuals (Buckley
et al., 2010; Codina et al., 2011a). Based on evidence that visual field sampling is altered
in the retina in congenitally, profoundly deaf individuals, it was hypothesised that there
will be differences in the distribution of visual field representations between deaf and
hearing groups within primary visual cortex, V1, as well as V2 and V3. Using functional
MRI to measure visual field maps in these visual areas, one would expect to see thinner
cortex within peripheral representations in deaf, compared to hearing individuals. In line
with this, one would also expect to see a relatively greater representation of the visual
periphery, relative to the central representation, in deaf, compared to hearing participants.
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3.4 Methods
3.4.1 Participants
The study included 32 subjects: 16 congenitally and profoundly deaf individuals (mean
age=34.13, range=20- 48 years, 5 females, see Chapter 2, Table 2.1 for more details)
and 16 hearing individuals (mean age=29.61, range=20-48 years, 5 females). There was
no significant difference in age between the groups (t(30)=1.291, p=.207). All partici-
pants had normal or corrected-to-normal vision and gave informed consent. Each deaf
participant also filled out a brief questionnaire regarding the known aetiology of deafness
(Chapter 2, Table 2.1). All deaf participants reported severe to profound hearing loss in
both ears (>70db). The study was approved by The York Neuroimaging Centre Research
Governance Committee (Department of Psychology, University of York).
3.4.2 Data Acquisition
3.4.2.1 Imaging Parameters
Participants underwent between one and three scanning sessions, during which functional
and structural MRI data were acquired using a 16 Channel Posterior Brain Array coil
(Nova Medical) in a GE 3 Tesla Signa Excite HD scanner at the York Neuroimaging Centre.
The structural data were acquired with high resolution T1-weighed structural isotropic
scans, the functional data were acquired with a BOLD T2* EPI sequence. Two additional
structural scans were acquired: an inplane proton density scan for all participants and
T2* gradient echo scan for a subset of six participants, to aid structural data analysis
described in Chapter 2, Section 2.3.
3.4.2.2 Retinotopic Mapping
The following experiment was designed to map the far peripheral visual field representa-
tion, where visual sensitivity was greatest in deaf participants (Buckley et al., 2010; Codina
et al., 2011b). To examine this, visual maps that included the far peripheral representa-
tion were extracted through means of retinotopic mapping in fMRI (DeYoe et al., 1996,
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Sereno et al., 1995, Engel et al. 1997). Neural substrates involved in far-peripheral visual
processing are challenging to identify as neuroimaging, particularly functional magnetic
resonance imaging (fMRI) imposes methodological constraints. For example, the field of
view possible to stimulate is limited by the size of the bore in which the participant lies
(for more detail see Chapter 2, Section 2.4). This study introduces a novel way of reliably
mapping the far-peripheral visual field of both deaf and hearing individuals, extending
out to 72 ◦ in each hemifield. Wide field phase encoded retinotopic mapping stimuli en-
compassing 144 ◦ of the visual field (adapted from DeYoe et al., 1996, Sereno et al., 1995,
Engel et al. 1997) measured the cortical representation of polar angle (0 ◦-180 ◦, starting
at the upper vertical meridian in the right hemifield, and lower vertical meridian in the
left hemifield) as well as the eccentricity (distance from centre of gaze) in the visual field
of each participant. The stimuli were designed in Psykinematix (Beaudot, 2009). Chapter
2, Section 2.5 describes the design in detail.
3.4.3 Data Analysis
Structural images were processed and used as underlays to determine the anatomical
boundaries of visual areas V1, V2 and V3, based on retinotopic mapping, within both
hemispheres of each participant. This step measured the volume (mm 3), surface area
(mm 2), and thickness (mm) of each visual area, as well as the eccentricity defined sub-ROIs
within these. The structural and functional data were processed according to methods
described in Chapter 2, Section 2.6.
3.5 Results
In order to investigate possible hemispheric differences in volume in early visual areas, a
factorial mixed ANOVA was conducted with within subject factors of hemisphere (left,
right) and visual area (V1, V2, V3) with a between subject factor of group (deaf, hear-
ing). The test showed no main effect of hemisphere (F(1,29)=.569, p=.457, η2=.019) or
interaction between hemisphere and group (F(1,29)=2.798, p=.105, η2=.088), thus the
data from the left and right hemisphere were combined in each participant. The same
test was conducted with the surface area measure. No main effect of hemisphere was
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shown (F(1,29)=.3.901, p=.058, η2=.119), or interaction between hemisphere and group
(F(1,29)=3.266, p=.081, η2=.101). Surface area measurements were combined across
hemispheres.
3.5.1 Total Volume of V1, V2 and V3
Firstly, the overall volume differences between visual areas were investigated by extracting
the absolute cortical volume of each visual area in all participants. Our aim was to identify
any differences between deaf and hearing participants within visual areas V1, V2 and V3.
One hearing participant was not included in V2 and V3 measures, as it was not possible
to identify these regions in the left hemisphere. The polar angle data which guides the
detection of visual field representation boundaries did not yield visible reversals of the
stimulus when overlaid on cortical flat maps (for more detail see Section 2.7). In order to
quantify the entire cortical visual field map, the volume measure in each participant was
summed across hemispheres. To investigate these measures, a factorial mixed ANOVA
with a between subjects effect of group was used. Mauchly’s test showed that sphericity
of the data was not met (X 2(2) = 19.61, p<.001; ε= .496) and the Greenhouse- Geisser
correction was therefore applied. The ANOVA showed a strong significant difference in
cortical volume between visual areas, F(1.330, 38.576)=110.95, p<.001, η2=.793. There
was no significant interaction between visual area and group, F(1.330, 38.576)=1.364,
p=.260, η2 =.045. Overall, there was no significant difference in the total cortical volume
of V1, V2 and V3 between deaf and hearing participants, as shown by a test of between-
subjects effects, F(1,29)=1.975, p=.171, η2=.064. Firstly, the results confirm, in line
with the vast literature on visual field maps, that V1, V2 and V3 significantly differ from
each other in cortical volume and cortical surface area. Secondly, there was no sign of
volumetric differences between deaf and hearing participants, as indicated by the absence
of interaction between the variables of volume and group.
3.5.2 Total Surface Area of V1, V2 and V3
To disentangle the volumetric measure which consists of both surface area and cortical
thickness, measures were extracted of the absolute surface area of each visual area in all
participants, excluding one hearing participant from V2 and V3 analysis (as mentioned
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Figure 3.1 – A graph representing mean cortical volume values of each visual
area V1, V2 and V3 in the deaf and hearing groups. ***=p<.001. Error bars
represent 1+/-SEM.
in the previous section). The surface area measure was summed across hemispheres in
each subject. Sphericity was not assumed (X 2(2) = 8.12, p= .017; ε= .748), hence the
Greenhouse-Geisser correction was used. A factorial mixed ANOVA, with a between sub-
jects effect of group, showed a strong significant difference between the visual areas in all
subjects, F(1.598,46.340) =155.68, p<.001, η2=1. There was no significant interaction
between visual area and group, F(1.598,46.340)=2.27, p=.124, η2=.393. No overall sig-
nificant difference was seen in the total surface area of V1, V2 and V3, between deaf and
hearing participants, F(1,29)=1.67, p=.210, η2=.239. As seen in the volume measure,
pairwise comparisons of the surface areas in all participants showed V1 to be significantly
larger in volume than V2 and V3, p<.001. Area V2 was also significantly larger than V3,
p<.001 (see Figure 3.2). As with the cortical volume measure, V1, V2 and V3 significantly
differ from each other in cortical surface area. As seen in the volume measure, there was
no sign of surface area differences between deaf and hearing participants, as no interaction
was present between the two variables (surface area, group).
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Figure 3.2 – A graph representing mean cortical surface area values of each
visual area V1, V2 and V3 in the deaf and hearing groups. ***=p<.001. Error
bars represent 1+/- SEM.
3.5.3 Mean Grey Matter Thickness in V1, V2 and V3
All participants were included in the analysis of grey matter thickness, as the comparisons
were made with mean thickness values. The right hemisphere mean was used for the one
hearing participant with no definable left hemisphere V2 and V3 visual maps. To test
the differences in mean grey matter thickness, a factorial mixed ANOVA was used, with
a between subjects effect of group. Sphericity was assumed, (X 2(2) = 2.407, p=.300; ε=
.920) and the ANOVA showed a significant main effect of grey matter thickness across
the visual areas, F(2,58)=7.210, p=.002, η2=.923. There was no significant interaction
between visual area and group (F(2,58)=.482, p=.620, η2=.125). There were no significant
between subjects effects, indicating no differences between the deaf and hearing groups in
the mean grey matter thickness of V1, V2 and V3 (F(1,29)=.016, p=.901, η2=.052). As a
main effect of visual area was seen, pairwise tests were conducted. The t-test showed V1
to be significantly thinner than V3 (p=.005), but not thinner than V2 (p=.094). There
was no significant difference between V2 and V3 in thickness (p=.346) (see Figure 3.3). It
is possible that the main effect shown in our ANOVA was driven by the difference between
V1 and V3.
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Figure 3.3 – A graph representing mean cortical thickness values of each
visual area V1, V2 and V3 in the deaf and hearing groups. *=p<.05. Error
bars represent 1+/- SEM.
3.6 Summary of Total Volume, Surface and Mean Thickness
Results
No differences were seen between our deaf and hearing group in cortical volume, surface
area or grey matter thickness within V1, V2 or V3. The total volume and surface area do
not differ between groups in V1, however the main hypothesis in the current study was to
test the cortical representation devoted to peripheral and central visual field processing,
as these are the measures likely to show a difference between the congenitally deaf and
hearing adults. Furthermore, even though the total volume and surface measures did differ
in areas V2 and V3, the main aim was to investigate which eccentricity representations
drive these differences. Separate regions representing the amount of cortex dedicated to
processing the central (0-15 ◦), mid-peripheral (15-39 ◦) and far-peripheral (39-72 ◦) visual
field extent within V1, V2 and V3 were defined. As done when comparing total volume,
surface area and mean thickness, the measures extracted were: cortical volume (mm 3),
surface area (mm 2), and thickness within the subdivisions of each visual area. The details
outlining this analysis can be found in Chapter 2, Section 2.8.
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3.7 Cortical Volume - Sub-divisions in V1, V2 and V3
3.7.1 V1 Sub-ROIs
To investigate the cortical volume of the three sub-ROIs within V1, a factorial mixed
ANOVA was run, with a between subjects factor of group (deaf, hearing). There was no
significant main effect of V1 sub-ROI volume (F(2,60)=2.507, p=.090, η2=.484 (sphericity
assumed X 2(2) = 4.897, p=.086; ε= .845). There was a significant interaction between
V1 sub-ROI volume and group (F(2,60)=5.299, p=.008, η2=.819), and no overall signif-
icant difference between groups (F(1)=.024, p=.878, η2=.001). It was hypothesised that
the visual field representations will differ between deaf and hearing participants. As a
significant interaction was detected between ROI and group, further tests were conducted
to investigate where these differences between groups were apparent.
Figure 3.4 – A graph representing mean cortical volume values of each
subregion of visual area V1, divided into three eccentricities, Central, Mid-
peripheral and Far-peripheral, presented for the deaf and hearing groups. Er-
ror bars represent 1+/- SEM.
The t-tests showed a non-significant difference between our hearing and deaf partici-
pants, within the Central V1 sub-ROI, t(30)=-1.806, p=.081, Mid-peripheral sub-ROI
(t(30)= .170, p=.866) and Far-peripheral sub-ROI (t(30)= 1.949, p=.061). Equal vari-
ances were assumed across all sub-ROIs (V1C: F=1.880, p=.181; V1M: F=.845, p=.365,
V1P: F=1.301, p=.263) (see Figure 3.4). The results suggest that the cortical volume
dedicated to processing the central and far-peripheral visual field is distributed differently
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between deaf and hearing participants. The deaf individuals show a trend towards a larger
amount of cortical volume devoted to processing the far-periphery, at the cost of a smaller
volume dedicated to the central field, while in comparison the hearing showed the opposite
effect.
3.7.2 V2 Sub-ROIs
V2 sub-ROI volume was compared in the same manner, using a factorial mixed ANOVA,
with a between subjects factors of group (hearing, deaf). The assumption of sphericity was
violated, (X 2(2) = 7.248, p=.027; ε= .772) and a Greenhouse- Geisser correction used.
The ANOVA showed a significant main effect of V2 sub-ROI volume (F(1.629,47.229)
=7.145, p=.003, η2=.873). There was no significant interaction between V2 sub-ROI vol-
ume and group (F(1.629,47.229)=1.785, p=.184, η2=.321). The between subjects effects
test showed an overall significant difference between hearing and deaf groups, V2 sub-ROI
volume, (F(1)=4.791, p=.037, η2=.142).
Figure 3.5 – A graph representing mean cortical volume values of each
subregion of visual area V2, divided into three eccentricities, Central, Mid-
peripheral and Far-peripheral, presented for the deaf and hearing groups. Er-
ror bars represent 1+/- SEM.
As a main effect of ROI in all of our participants, pairwise comparisons were conducted
between sub-ROIs which showed the Central ROI to be significantly larger in volume than
the Far-peripheral V2 ROIs (p=.005), whilst there were no significant differences between
the Central and Mid-peripheral ROI (p=.087), nor between the Mid-peripheral and Far-
59
Chapter 3: Visual Field Representations in Visual Areas of Deaf and Hearing Adults
peripheral ROI (p=.547). As outlined in the V1 sub-ROI results, it was hypothesised that
possible visual field representation differences between deaf and hearing could also include
visual areas following V1. The ANOVA did however not show a significant interaction
between volume and group, indicating no group differences in any V2 sub-ROI volumes.
An overall effect between groups was indicated by a significant between-subjects test,
where the overall volume of V2 differs between the groups.
3.7.3 V3 Sub-ROIs
A factorial mixed ANOVA, with a between subjects factors of group (hearing, deaf) was
used to investigate the V3 sub-ROI volume data. Sphericity was not assumed for the V3
sub-ROI volume data (X 2(2) = 8.069, p=.018; ε= .750). The test showed a significant
main effect of V3 sub-ROI volume, F(1.600,46.386)=10.434, p<.001, η2=.963 and no inter-
action between V3 sub-ROI volume and group, F(1.600,46.386)=.131, p=.832, η2=.067.
A significant between subject effect was seen in the overall volumes of V3 sub-ROIs,
F(1)=6.903, p=.014, η2=.192.
Figure 3.6 – A graph representing mean cortical volume values of each
subregion of visual area V3, divided into three eccentricities, Central, Mid-
peripheral and Far-peripheral, presented for the deaf and hearing groups. Er-
ror bars represent 1+/- SEM.
As there was a main effect of sub-ROI, pairwise comparisons were used. There was no
significant difference between the Central and Mid-peripheral sub-ROI volume (p=.360).
The Central ROI was significantly larger than the Far-peripheral sub-ROI (p<.001). The
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Mid-Peripheral ROI was also significantly larger than the Far-peripheral sub-ROI (p=.006)
in all participants. The results indicate that there are no differences in volume between
the deaf and hearing individuals in any of the V3 sub-ROIs. There is an overall difference
of volume, where the deaf show less volume in V3.
3.8 Cortical Surface Area - Sub-divisions in V1, V2 and V3
The volume measure extracted consists of both the cortical surface area and cortical grey
matter thickness. The following tests were conducted on the surface area measures with
a factorial mixed ANOVA, with a between subjects factors of group (hearing, deaf), and
shows weather the driving factor behind the differences seen in the volume measures is
driven by cortical surface area, or cortical thickness.
3.8.1 V1 Sub-ROIs
A factorial mixed ANOVA, with a between subjects factors of group (hearing, deaf) was
performed to investigate V1 sub-ROI surface area. Sphericity was assumed for this data,
(X 2(2) = 2.079, p=.354; ε= .935). The ANOVA showed a significant main effect of V1 ROI
surface areas (F(2,60)=5.895, p=.005, η2=.860). There was also a significant interaction
between the V1 ROI surface areas and group (F(2,60)=5.165, p=.009, η2=.808). Tests
of between subjects effects showed no significant overall difference between groups in V1
sub-ROI surface areas (F(1,30)=.216, p=.645, η2=.074).
To further investigate the main effect of V1 sub-ROI surface area in all participants, pair-
wise comparisons showed no significant difference between the Central and Mid-peripheral
(p=.247), or Central and Far-peripheral sub-ROIs (p=.286). The Far-peripheral sub-ROI
was significantly larger than the Mid-peripheral ROI (p=.007). It was hypothesised that
possible visual field representation differences between deaf and hearing will be apparent
once different eccentricities are considered. As the interaction between V1 sub-ROI sur-
face area and group was significant, t-tests were carried out between the groups in each
subregion of V1. The Far-peripheral ROI was significantly larger in the deaf compared to
hearing participants (t(30)= 2.195, p=.036). There was no significant difference between
groups within the Central (t(30)=-1.993, p=.055) and Mid-peripheral ROIs (t(30)= .474,
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Figure 3.7 – A graph representing mean values of cortical surface area in
each subregion of visual area V1, divided into three eccentricities, Central,
Mid-peripheral and Far-peripheral, presented for the deaf and hearing groups.
Error bars represent 1+/- SEM.
p=.639). Equal variances were assumed across all sub-ROIs (Central F=1.538, p=.225;
Mid-peripheral, F=.001, p=.99; Far-peripheral ROI, F=1.327, p=.258) (see Figure 3.7).
The cortical distribution differs significantly between deaf and hearing individuals within
the cortical surface area representing the far-peripheral visual field. This appears to be at
a cost of a smaller representation of the central visual field in the deaf, where the difference
between groups is near significant.
3.8.2 V2 Sub-ROIs
The V2 sub-ROI surface area measure was investigated by using a factorial mixed ANOVA,
with a between subject factor of group (hearing, deaf). Sphericity was assumed (X 2(2) =
4.273, p=.118; ε= .858). There was a main effect of V2 sub-ROI surface area, F(2,58)=
13.099, p<.001, η2=.996, and no interaction between the sub-ROI surface area and group
(F(2,58)=1.962, p=.150, η2=.390). A test measuring between subjects effects showed no
overall differences in V2 surface area between groups (F(1,29)=2.754, p=.108, η2=.361).
Pairwise comparisons revealed that the Central ROI was significantly larger than the
Mid-peripheral (p=.038), and larger than the Far-peripheral ROI (p<.001). There were
no significant differences in surface area between the Mid-peripheral and Far-peripheral
ROIs (p=.058). The lack of interaction between surface area and group here indicates
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that there are no differences between the deaf and hearing individuals in any of the V2
sub-ROIs.
Figure 3.8 – A graph representing mean values of cortical surface area in
each subregion of visual area V2, divided into three eccentricities, Central,
Mid-peripheral and Far-peripheral, presented for the deaf and hearing groups.
Error bars represent 1+/- SEM.
3.8.3 V3 Sub-ROIs
A factorial mixed ANOVA, with a between subjects factor of group (hearing, deaf) was
used to investigate differences in the V3 sub-ROI surface areas. Firstly, sphericity of
the data could not be assumed (X 2(2) = 9.480, p=.009; ε= .777). The test showed
a significant main effect of V3 sub-ROI surface area (F(1.554,45.059)= 14.024, p<.001,
η2=.991). There was no significant interaction between the sub-ROI surface area and
group (F(1.554,45.059)=.144, p=.814, η2=.069). A significant difference was observed
between subjects in V3 sub-ROI surface areas (F(1,29)=6.353, p=.017, η2=.683). Pairwise
comparisons in all subjects showed the Central ROI was not significantly different from
the Mid-peripheral ROI (p=.070). The Far-peripheral ROI was significantly smaller than
the Central ROI (p<.001) and Mid-peripheral ROI (p=.014) (see Figure 3.9). There was
no interaction present between surface area and group here indicates that there are no
differences between the deaf and hearing individuals in any of the V3 sub-ROIs.
The results indicate no significant differences between deaf and hearing participants in
cortical surface area within any of the V3 subregions. There is an overall difference of
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Figure 3.9 – A graph representing mean values of cortical surface area in
each subregion of visual area V3, divided into three eccentricities, Central,
Mid-peripheral and Far-peripheral, presented for the deaf and hearing groups.
Error bars represent 1+/- SEM.
cortical surface area, where the deaf show less surface area combined in V3, as seen in the
volumetric measure (see section V3 sub-ROIs–cortical volume).
3.9 Grey Matter Thickness - Sub-divisions in V1, V2 and
V3
3.9.1 V1 Sub-ROIs
Differences in V1 sub-ROI cortical thickness across all participants and between groups
were investigated with a factorial mixed ANOVA, with a between subjects factor of group
(deaf, hearing). Mauchly’s test of sphericity was not violated, X 2(2) = 8.675, p=.013; ε=
.795. A main effect of V1 ROI thickness was present, F(1.589,47.674)=14.145, p<.001,
η2=.992. There was no significant interaction between Group and ROI, F(1.589,47.674)=.923,
p=.384, η2=.183. The between subjects effect test showed no overall significant differences
in cortical thickness within the ROIs, F(1,30)=.037, p=.849, η2=.054. To follow up the
main effect of ROI in all participants, pairwise comparisons were conducted across all
participants (see Figure 3.10). No significant difference in cortical thickness between the
Central and Mid-peripheral ROI (p=.122) was observed. The Central ROI was signifi-
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cantly thicker than the Far-peripheral ROI (p<.001), and the Mid-peripheral ROI was
significantly thicker than the Far- peripheral ROI (p<.001). The results indicate no dif-
ferences in cortical thickness between groups in V1 subregions.
Figure 3.10 – A graph representing mean values of cortical thickness in each
subregion of visual area V1, divided into three eccentricities, Central, Mid-
peripheral and Far-peripheral, presented for the deaf and hearing groups. Er-
ror bars represent 1+/- SEM.
3.9.2 V2 Sub-ROIs
V2 sub-ROI grey matter thickness across all participants and between groups was inves-
tigated with a factorial mixed ANOVA, with a between subjects factor of group (hearing,
deaf). Mauchly’s test of sphericity was not violated for the V2 sub-ROI cortical thick-
ness data (X 2(2) = 2.621, p=.270; ε= .920). A main effect of V2 sub-ROI was present,
F(2,60)=12.140, p<.001, η2=.994. There was no significant interaction seen between our
groups and V2 sub-ROI thickness, F(2,60)=.175, p=.840, η2=.076. No overall effect of
Group was seen, F(1,30)=.001, p=.972, η2=.050, when conducting a test for between
subjects effects. To investigate the main effect of sub-ROI in all participants, pairwise
comparisons were conducted (see Figure 3.11). These showed no significant difference in
thickness between the Central and Mid-peripheral ROI, p=.056. The Far-peripheral ROI
thickness was significantly greater than that of the Mid-peripheral ROI (p=.025) and the
Central ROI (p<.001). There were no group differences in grey matter thickness in any
V2 subregions.
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Figure 3.11 – A graph representing mean values of cortical thickness in each
subregion of visual area V2, divided into three eccentricities, Central, Mid-
peripheral and Far-peripheral, presented for the deaf and hearing groups. Er-
ror bars represent 1+/- SEM.
3.9.3 V3 Sub-ROIs
Cortical thickness in V3 sub-ROIs was explored across all participants and between groups,
with a factorial mixed ANOVA, with a between subjects factor of group (hearing, deaf).
Mauchly’s test of sphericity was violated, (X 2(2) = 6.619, p=.037; ε= .831), and the
Greenhouse- Geisser correction was applied. As with V1 and V2, a main effect of V3
sub-ROI thickness was apparent, F(1.661,49.831)=7.724, p=.002, η2=.903, and no sig-
nificant interaction between ROI thickness and group, F(1.661,49.831)= 1.142, p=.319,
η2=.222. There were no differences between subjects effects in this data, F(1,30)=.427,
p=.519, η2=.097. To investigate the main effect of sub-ROI in all participants, pairwise
comparisons were conducted across all participants (see Figure 3.12). The Central ROI
was significantly thinner than the Mid-peripheral ROI (p<.001) as well as Far-peripheral
ROI (p=.009). No significant differences were seen between the Mid-peripheral and Far-
peripheral ROIs (p=1).
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Figure 3.12 – A graph representing mean values of cortical thickness in each
subregion of visual area V3, divided into three eccentricities, Central, Mid-
peripheral and Far-peripheral, presented for the deaf and hearing groups. Er-
ror bars represent 1+/- SEM.
3.10 The cortical magnification factor
Extracting cortical magnification functions provide a way of quantifying the visual field
extent in relation to the amount of cortical surface area dedicated to it in the brain
(mm 2/degrees 2)(Cowey and Rolls, 1974). It provides a continuous variable within each
visual area, as the subdivisions are not independent. The functions were extracted from
each subregion of areas V1, V2 and V3. The three values extracted from the sub-ROIs of
each visual area were used to fit a linear regression, where the gradient of this regression
line was retrieved for each participant and the group means compared (for more analysis
details see Methods, section 2.9). The cortical magnification gradients of each visual area
were explored across all participants and between groups, with a factorial mixed ANOVA,
with a between subjects factor of group (hearing, deaf). The ANOVA showed a main
effect of the cortical magnification gradient between visual areas, F(1.554,45.077)=38.185,
p<.001, η2=.568. The interaction between these gradients in visual areas and group was
also significant, F(1.554, 45.077)=5.558, p=.012, η2=.161. As there was a main effect of
visual area, pairwise comparisons including all participants showed that gradients of V1
were significantly shallower from V2 (p<.001) as well as V3 (p<.001). V2 gradients were
also significantly shallower than V3 gradients.
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Figure 3.13 – A graph representing mean values of cortical magnification
gradients in each visual area V1, V2 and V3, presented for the deaf and hearing
groups. *=p<.05. Error bars represent 1+/- SEM.
As an interaction was significant between cortical magnification gradients of visual regions
and group, t-tests comparing group means were conducted. These t-tests, when corrected
for multiple comparisons, showed a significant difference in V1 gradients between the
deaf and hearing participants, t(30)=2.966, p=.006. There was no significant difference
between these gradients in either V2 or V3 (V2: t(29)=.975, p=.338; V3: t(29)=-.345,
p=.733). Equal variances were assumed within all three areas (V1: F=2.346, p=.136,
V2: F=.954, p=.337, V3: F=.004, p=.950; see Figure 3.13). The results clearly showcase
the cortical distribution differences seen in both the volume and surface area measures of
V1 subregions. A shallower gradient in deaf individuals indicates relatively less cortical
surface area dedicated to the central visual field and more dedicated to the far-periphery,
relative to hearing controls.
3.11 Discussion
3.11.1 Summary of Key Results
The experiments described aimed to determine if the influence of lifelong auditory depri-
vation can lead to plasticity within early visual cortex. The study measured the amount
of cortex in visual areas V1, V2 and V3 devoted to processing the visual field, extending
to the far-periphery, in congenitally deaf and hearing adults. A significant difference was
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observed between deaf and hearing participants in the distribution of cortex relative to
visual eccentricity. Deaf participants showed a larger cortical surface representation of the
far-peripheral visual field and smaller central visual field representation in V1, but not V2
and V3, when compared to hearing controls. This effect is seen in the measure of cortical
volume, and is driven by differences in cortical surface area, not cortical thickness.
3.11.2 Overall volume, surface area and cortical thickness results
The measures of the total cortical volume, surface area and mean thickness of areas V1,
V2 and V3 were extracted. The data showed no significant differences in total overall vol-
ume, surface area or mean cortical thickness in V1 between deaf and hearing participants.
The volume and surface area of visual area V3 is significantly smaller within deaf par-
ticipants compared to hearing participants, whilst the cortical thickness measure showed
no differences. The results also showed that in the deaf group V2 was smaller in volume
but not surface area, when compared to the hearing group. The results presented here
add to previous studies investigating intramodal plasticity in deaf visual cortex, showing
a significant effect of plasticity in V1. This finding helps clarify the current stance, as
there are a number of studies report various different effects of plasticity, with no clear
concensus. Allen et al. (2013) showed the total volume of the calcarine sulcus to be larger
in deaf than hearing individuals, whilst Fine et al. (2005) investigated visual areas V1,
V2, V3, V4 and V5 and found no significant differences in overall surface area of the men-
tioned visual areas. Smittenaar et al. (2016) reported thinner grey matter within V1 of
deaf individuals. The results of previous studies are restricted due to the smaller extent
of V1 investigated, where the far-peripheral representation of V1 is not included (Fine et
al., 2005; Smittenaar et al., 2016). These results mentioned are restricted by methodolog-
ical aspects of visual field mapping in fMRI, as only a limited field of view is available
within typical visual displays in most scanners (from 15-37.5 ◦). This makes it difficult for
these studies to identify possible neural substrates of heightened visual performance in the
far-periphery. Using a novel visual stimulus delivery method extendeding to 72 ◦ in each
hemifield, this study was able to include the far peripheral visual field within which the
greatest behavioural advantages in deaf individuals have previously been detected (Buck-
ley et al., 2010; Lomber et al., 2010). The novel finding described here is the difference in
the relative cortical surface distribution in V1 of deaf individuals.
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3.11.3 SubROI results
It was hypothesised that the relative distribution of cortex devoted to peripheral and
central visual field processing will show differences due to plasticity in congenitally deaf
participants when compared to hearing controls. The amount of cortex was divided into
comparable sections dedicated to processing the Central (0-15 ◦), Mid-peripheral (15-39 ◦)
and Far-peripheral (39-72 ◦) visual field extent within V1, V2 and V3. The results include
measurements of cortical volume (mm 3) surface area (mm 2) and thickness (mm) within
the subdivisions of each visual area.
3.11.4 Cortical Volume- subROIs
The Central V1 ROI in deaf participants is significantly smaller in volume than in hearing,
and the Far-peripheral region is significantly larger in the deaf. As the overall volume
of area V1 does not differ between the groups, it is the distribution of cortex relative
to eccentricity which is affected by deafness. This result suggests that the emphasis of
the far-periphery in deaf primary visual cortex comes at the cost of a smaller cortical
representation of the central visual field. The emphasis of the far-periphery seen in V1 is
not apparent in area V2. There was however a significant difference between the groups
within the volume of Central V2 ROI, showing a lower surface area in the deaf, compared
to hearing. There was no significant difference within the Far-peripheral representation
within V2. In area V3, there was an overall difference in cortical volume, across all
participants; when comparing subdivisions of the regions, the cortical volume decreases
with eccentricity.
3.11.5 Cortical Surface Area
The surface area measure shows the same pattern of cortical distribution in V1 as seen
in the volumetric measure. When comparing the means within the Far-peripheral ROI
between groups, the deaf have a significantly larger surface area devoted to the far pe-
riphery compared to the hearing group. The Central ROI on the other hand, shows a
trend towards the deaf participants having less cortical surface devoted to this represen-
tation. The overall surface area of V2 does not differ between the two groups, however
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there was a trend towards a smaller cortical surface area in the deaf within the Central
ROI. Deaf individuals show a significantly smaller total cortical surface area in V3, when
compared to the hearing participants, and this effect was not specific to any of the sub-
regions within V3. These differences in V1, V2 and V3 of deaf individuals are novel and
have, to our knowledge, never been presented before. Song et al. (2015) suggest that the
two dimensions measuring cortical volume, namely thickness and surface area, contribute
differently to processing advantages. A thinner cortex with larger surface area is percep-
tually advantageous. Our findings incorporate a much larger portion of the visual field
than shown before, and the results do not show thinner cortex in early visual areas of
deaf individuals. This could suggest that it is an increase in cortical surface area rather
than cortical thickness which facilitates behavioural visual processing advantages seen in
the deaf population. Alongside this result, larger receptive fields encoding the periphery
in V1 have been found by (Smittenaar et al., 2016). As the researchers suggest in their
paper, an enhancement in resolution with smaller receptive fields in V1 would need to be
met with cortical expansion to maintain higher visual sensitivity. Indeed, the results show
a larger cortical surface area dedicated to the far-periphery and this is possibly met with
smaller receptive fields in deaf individuals when compared to hearing controls.
3.11.6 Cortical Magnification
The deaf participants had a significantly shallower cortical magnification gradient com-
pared to hearing controls in V1, but not V2 and V3. The shallower gradient indicates
a higher cortical emphasis within the peripheral visual field, whilst hearing participants
showed a steeper gradient,indicating a relatively larger cortical emphasis devoted to the
central, and less to the peripheral visual field, compared to deaf participants. In agree-
ment with the set out hypothesis, a larger representations of the far-periphery relative
to central visual field was found in V1 of deaf individuals. This provides novel evidence
indicating that the cortical surface area devoted to the visual field representation differs
in the primary visual cortex of deaf compared to hearing adults.
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3.11.7 Larger peripheral representations and visual performance
The proportionally larger representation of the far-periphery in deaf individuals provides a
possible explanation to behavioural evidence of heightened visual field sensitivity observed
at both near (30 ◦) and far peripheral (60 ◦) kinetic perimetry measurements (Buckley et
al., 2010, Stevens and Neville, 2006). This link can be tested in the future by comparing
cortical representations with behavioural performance in a peripheral visual task within
individuals. Effects of higher sensitivity in the visual periphery in this study emerge well
beyond the field of view used for sign language (7 ◦, Bosworth et al., 2000). Therefore,
the use of a visuo-spatial language cannot explain the heightened sensitivity in the far-
peripheral visual field, especially beyond 60 ◦. It is more plausible that this behavioural
advantages emerge in order to compensate for the lack of auditory cues or stimuli which
would otherwise direct a hearing individual to events in the far-periphery or even outside
of the visual field. Future studies incorporating either response times or speed of orienting
to visual targets or stimuli changes across the visual field could elucidate this further. An
experiment incorporating a design in virtual reality could test the entire visual field and
could further explore the far-peripheral advantage in a more naturalistic environment.
3.11.8 Grey Matter Thickness
Differences in cortical thickness are also predictive of cortical plasticity. For example,
Voss and Zatorre (2012) showed that plasticity as measured by cortical thickness within
the occipital cortex of blind individuals predicted their performance in auditory tasks.
Cortical thickness can vary over threefold across different cortical locations within the
same cortical regions within one individual (Fischl et al., 1999). This study therefore
investigated the mean cortical thickness across ROIs within visual areas V1, V2 and V3
as well as the sub-regions within each of these areas, and found no significant differences
in thickness between deaf and hearing participants. There is evidence to suggest deaf
individuals have a thinner cortical layer in V1 (Smittenaar et al., 2016), in which the
study used a definition of V1 reaching out to 37.5 ◦ to measure cortical thickness. They
showed no systematic relationship between eccentricity and thickness. Our results reach
beyond previously investigated regions, measuring at further eccentricities, where visual
processing advantages have been shown (Buckley et al., 2010), but still found no difference
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between groups. The differences observed in cortical thickness can also be explained by
anatomical variation as to the location of V2 and V3 on the cortical surface. The calcarine
sulcus, which contains V1, is thinner and contains many sulci. Areas V2 and V3 however
are located outside of this sulcus, where the sulci are less convoluted and allow for better
anatomical segmentation which helps extract the cortical thickness measure. Along with
anatomical factors, it is also important to consider the limitations of our measures and the
restricted resolution of cortical thickness. In the human cortex, grey matter thickness can
vary between 1-4.5 mm, with a between subject standard deviation of 0.5mm (Fischl et al.,
1999). As the voxels sampled are 1mm 3 in size, the present measure is only accurate to
the nearest 0.5mm. Cortical thickness extraction also benefits highly from surface-based
averaging which aligns cortical folding patterns (Fischl et al., 1999), as the crowns of gyri
showed an average thickness of 2.7 +/- 0.3mm compared to the sulcal fundi, 2.2 +/- 0.3mm
(Fischl and Dale, 2000). The calcarine sulcus, where V1 is located, is heavily convoluted,
therefore requiring precise measurement. Our measurements are fairly coarse, and is
therefore suboptimal for precise measurement and curvature analysis is beyond the scope
of the current study. The current results are however based on manual grey and white
matter segmentations, which vastly improve on automatic segmentations most commonly
used across the literature. Future investigations of cortical thickness differences in deaf
individuals would be further improvement by using structural MRI protocols designed
especially to extract grey matter thickness. These include protocols such as those used
by Glasser and Van Essen (2011). The researchers retrieve a better contrast for myelin
by increasing the contrast to noise ratio by using T1 and T2 weighted scans to eliminate
image intensity biases which arise in these images. These protocols would help reduce
the influence of possible confounds introduced by the limitation of our sample resolution,
especially due to cortical thickness only varying between 1-4.5 mm. Higher resolution MRI
structural sequences could also allow for a better estimate of cortical thickness.
3.11.9 Limitations of volume and cortical surface measures
It is possible that the study did not detect overall size differences in early visual areas of
our sample as the size of early visual areas can vary threefold between healthy individuals
(Andrews et al., 1997; Dougherty et al., 2003; Duncan and Boynton, 2003). No overall size
differences were seen in V1 between groups, but there was a significant difference in the
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distribution of the representation of eccentricity across cortex. Increased representations
of the far-periphery are not simply a reflection of total surface area differences in V1, but
the differences in distribution of cortex between central and peripheral processing in deaf
individuals, when compared to hearing controls. The definitions of V2 and V3 are also
prone to more error in the current study. The wide-field stimulus presentation used to
extend into the far-periphery compromises the rotating wedge stimulus, where it only ex-
tends to ca. 20 ◦ along the vertical meridian. As V1 has a full hemifield representation, and
its definition is highly guided by the anatomy of the calcarine sulcus (Benson et al., 2012),
it is much easier to define compared to the upper and lower quaterfield representations of
V2 and V3. Due to this, the definitions of V2 and V3 in this study are subject to higher
error compared to V1. In order to strengthen these results, a method able to stimulate
further into the vertical meridian would be beneficial, as well as several retinotopic scans
which could be averaged for clearer results. A possible source of variability in our data
could have been due to unstable fixation, which reduce the quality of the identification
of visual maps, as it was not monitored in the scanner. However, a previous study has
noted that deaf individuals are better at maintaining fixation than their hearing controls
(Buckley et al., 2010). A larger proportion of our participants had their heads tilted (3 ◦ )
in the scanner towards the fixation cross, as it was placed at the edge of the screen to map
each hemifield separately. All the data acquired suggests that our participants maintained
stable fixation across long periods in time, as it was possible to accurately identify visual
field maps (apart from one hemifield of a hearing participant, where V2 and V3 were not
identifiable).
3.12 Conclusions
These data suggest that compensatory plasticity within the visual cortex as a consequence
of auditory deprivation becomes apparent at large eccentricities. Previous research was
not sensitive to this as the far-periphery was not stimulated within the fMRI experiments
(Fine et al., 2005; Bavelier et al., 2001; Scott et al., 2014; Smittenaar, et al., 2016). Our
results show evidence of plasticity within the cortical distribution of central and peripheral
visual field representations within the primary visual cortex of congenitally deaf adults.
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Chapter 4
Neural Responses in Motion
Processing Areas of Deaf and
Hearing Adults
4.1 Overview
Lifelong auditory deprivation can lead to visual processing advantages, particularly in
visual motion processing. The current study investigated effects of plasticity within far-
peripheral visual motion processing. fMRI activity to full-field coherent optic flow stimuli
and incoherent motion extending to 72◦ was measured, in order to investigate neural
substrates behind the far-peripheral visual motion advantage observed in deaf studies
(Codina et al., 2017; Buckley et al., 2010; Lomber et al., 2010). The study focused the
investigations on the well established motion area V5/MT+ (Tootell et al., 1995), as well
as on V6, a visual area with a large peripheral representation and selectivity for visual
motion (Galletti et al., 2001; Pitzalis et al., 2013). Alongside visual areas, signals were also
measured in areas of the superior temporal cortex, including auditory regions, as evidence
of cross-modal plasticity has also been found in the auditory cortex of deaf individuals
(Karns et al., 2012; Scott et al., 2014; Fine et al., 2005). These neural regions were
hypothesised to show differential activation to far-peripheral motion, therefore potentially
being involved in heightened visual sensitivity.
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4.2 Background
Advantages of deaf individuals within peripheral visual processing, such as motion detec-
tion and visual orienting, have been reported in several behavioural studies (Neville and
Lawson, 1987; Loke and Song, 1991; Bavelier et al., 2000; Bosworth and Dobkins, 2002;
Proksch and Bavelier, 2002; Stevens and Neville, 2006; Hauthal et al., 2013; Heimler and
Pavani, 2014; Shiell et al., 2014; Codina et al., 2017). In congenitally deaf cats, Lomber
et al. (2010) found the largest behavioural advantages in the far-periphery (beyond 60◦).
In deaf human adults, Buckley et al. (2010) and a recent study by Codina et al. (2017)
found that deaf participants had the greatest visual advantages in the near- (ca. 30◦)
and far-periphery (>60◦). However, the neural mechanisms supporting increased visual
motion sensitivity are still not fully understood, as investigating motion perception with
fMRI in far-peripheral visual fields poses methodological challenges. Some of these chal-
lenges are caused by the scanner bore limiting the extent of the visual field it is possible to
stimulate, as discussed in section 2.4. Studies investigating cortical plasticity as a result of
hearing loss have found mixed results a number do not show any differences between deaf
and hearing individuals (Vachon et al., 2013; Fine et al., 2005), whilst others have found
evidence of cortical reorganisation in the deaf brain. Importantly, these studies do not
measure responses extending beyond 30◦ into the periphery (Bottari et al., 2012; Heimler
and Pavani, 2014). It is crucial to investigate this portion of the visual field, as the largest
behavioural advantages can be seen beyond 60◦ (Buckley et al., 2010; Lomber et al., 2010).
Findings that demonstrate heightened sensitivity here can be explained using an ecological
perspective. Auditory cues can be useful in directing hearing individuals to events in the
far-periphery, or to those outside the visual field entirely. As deaf individuals lack this
type of input, it is likely that they would benefit the most from higher visual sensitivity
beyond 30◦.
4.2.1 V5/MT+
Firstly, area V5/MT+ was investigated as a possible substrate of heightened visual mo-
tion sensitivity. V5/MT+ is a widely known visual motion area (Tootell et al., 1995), and
has been investigated in deaf subjects with visual stimuli within a limited range of ec-
centricities. Several studies have investigated the region with peripheral stimuli, however
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not extending beyond 45◦ into the visual field (Bavelier et al., 2000; Karns et al., 2012;
Scott et al., 2014; Fine et al., 2005). Bavelier et al. (2000) observed a larger extent of ac-
tivation in V5/MT+ of deaf participants, when compared to hearing, when attending to
the peripheral condition (6.66-8◦). Similarly, Scott et al. (2014) found larger recruitment
of V5/MT+ in deaf individuals when responses of peripheral (11-15◦) over central (2-7◦)
visual stimuli were contrasted. It is hypothesised that V5/MT+ will be recruited to a
higher degree in deaf individuals when stimulating a larger extent of the visual field than
previously. This is expected to be particularly pronounced in the far periphery, where
increased visual sensitivity is likely to incur the greatest advantage in deaf individuals.
4.2.2 V6
Area V6 was also investigated, as this region is responsive to visual motion with a strong
peripheral visual field processing bias (Pitzalis et al., 2013, 2010; Fattori et al., 2009b).
V6 shows a strong preference for coherent motion processing, especially when this motion
is egomotion compatible (Cardin and Smith, 2011, Cardin et al., 2012). Retinotopically,
it shows a full representation of the contralateral hemifield (Pitzalis et al., 2006; Fattori
et al., 2009a). It has not previously been investigated in deaf individuals, and serves as
a potential substrate behind the increased peripheral sensitivity. Tracer studies in non-
human primates show area V6 to have a number of reciprocal connections with visual
areas, including to motion areas MT and MST, which are part of the MT+ motion re-
gion in primates and are homologous to the human motion area V5/MT+. This finding
led Galletti et al. (2001) to believe that V6 is heavily involved in dorsal visual stream
processing. Additionally, in human studies of visually evoked potentials, Pitzalis et al.
(2013) have found parallel neural signals to coherent motion in both V6 and V5/MT+,
implicating comparable roles in visual flow signal integration.
4.2.3 Auditory Cortex
Alongside visual motion processing areas, auditory cortex was also included as a possible
region supporting visual processing advantages in deaf individuals. A number of studies in
deaf individuals provide evidence of cross-modal activation of superior temporal regions,
including auditory cortex, in visual processing (Vachon et al., 2013; Finney and Dobkins,
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2001; Sadato et al., 2005). Fine et al. (2005) investigated a number of visual areas (V1
/ V2 / V3 / V4 and V5/MT+) as well as auditory cortex. The auditory cortex of deaf
individuals displayed higher activation compared to hearing when presented with near
peripheral visual stimuli (10◦ diameter disk containing motion, centred 15◦ from fixation),
giving evidence of functional remapping of auditory cortex in deaf individuals. Cross-
modal processing involving visuo-somatosensory stimuli also show increased activation of
the deaf auditory cortex (Karns et al., 2012). The superior temporal cortex, within which
auditory cortex lies, also holds auditory associative regions that are multisensory in nature.
For example, areas such as the Planum Temporale (PT) show higher activation during
visual peripheral motion processing (Scott et al., 2014). Area PT is located posterior
to primary auditory cortex, which is also known as Heschls gyrus. Furthermore, primate
studies show interconnections between far-peripheral visual representations of visual cortex
with auditory cortex (Falchier et al., 2002). It is therefore possible that similar connections
in humans are present, and may be strengthened as a result of cross-modal plasticity, and
show increased recruitment in motion processing. Although the recruitment of auditory
cortex for visual tasks is quite well established in deaf individuals, it has not been studied
with wide field stimulation, nor has it been divided into primary and secondary associative
regions, in line with far-peripheral motion stimulation. All the aforementioned studies
demonstrating various behavioural and neural findings generally do not investigate motion
detection in the peripheral visual field beyond 30◦. As behavioural advantages are seen in
the far-periphery, the current study aimed to bridge this gap through wide-field motion
stimulation in fMRI.
4.3 Summary and Hypotheses
The goal of the current study was to investigate plasticity within motion processing cortical
areas in deaf individuals, compared to hearing controls. Based on behavioural studies
showing advantages in the far-peripheral perception of visual stimuli (Buckley et al., 2010;
Codina et al., 2011b), it was hypothesised that areas involved in visual motion processing in
the far-periphery would show greater activation in deaf participants, compared to hearing.
It was also hypothesised that effects of cross-modal plasticity will be apparent, in the shape
of positive activation in the auditory cortex of deaf individuals. Specifically, regions which
are located posterior and anterior to primary auditory cortex (HG), which are secondary
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and more multisensory in nature, were expected to show higher modulation in congenitally
deaf individuals. Conversely, the study expected to observe suppression in this area in
hearing participants, when processing coherent visual motion.
4.4 Methods
4.4.1 Participants
The study included 40 subjects, of which 13 were congenitally and profoundly deaf indi-
viduals (mean age=32, range=20- 48 years, 5 females). 27 were hearing individuals (mean
age=26, range=20-48 years, 14 females). There was no significant difference in age be-
tween the groups, where equal variances could not be assumed (Levene’s test, F(38)=13.9,
p<.001) with a corrected t statistic of t(14.7)=2.03, p=.060. All participants self reported
normal or corrected-to-normal vision. Each deaf participant also filled out a brief ques-
tionnaire regarding age and aetiology of deafness (see Chapter 2, Table 2.1). All deaf
participants reported severe to profound hearing loss in both ears (>70db) since birth
or very early childhood. All participants gave their informed consent in accordance with
the Declaration of Helsinki. The study was approved by The York Neuroimaging Centre
Research Governance Committee (Department of Psychology, University of York).
4.4.2 Data Acquisition
Each participant underwent one or two separate scanning sessions, during which functional
and structural MRI data were acquired using a 16 Channel Posterior Brain Array coil
(Nova Medical) in a GE 3 Tesla Signa Excite HD scanner at the York Neuroimaging
Centre. The structural data were acquired with high resolution T1-weighted structural
isotropic scans. Functional data were acquired with a BOLD T2* EPI sequence. Alongside
the functional scans, a proton density scan was also acquired in the same imaging plane as
the functional data for all participants. This was used to aid the alignment of functional
to structural data (further details are described in Chapter 2, Section 2.6).
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4.4.3 Visual Motion Stimulus
The motion stimuli used in this paradigm aimed to maximally activate visual motion
areas V5 and V6, with high contrast optic flow motion in depth stimuli presented in a
blocked design (based on Cardin and Smith, 2011; Pitzalis et al., 2010, see Section 2.10).
The motion stimuli were also used to investigate three divisions of auditory cortex. The
block design was presented with Psykinematix (Beaudot, 2009) and included coherent and
incoherent motion blocks, interleaved with a black fixation screen. All motion presented
extended out to the far periphery 72◦ along the horizontal meridian and roughly 20◦
within the vertical plane, in each hemifield tested (further described in Chapter 2, Section
2.4).
4.4.4 Data Analysis
In the current study, several separate regions of interest (ROIs) were chosen to measure
the response profile to visual optic flow motion stimuli. The BOLD percent signal change
was taken as a proxy for the neural response of visual areas V5/MT+ and V6, as well
as from three divisions within the superior temporal cortex: Te1.2, Heschl’s Gyrus (HG)
and Planum Temporale (PT). The V5/MT+ ROI was defined by combining three separate
atlas definitions within FSL: a cytoarchitectonic definition of V5/MT+ by the Juelich His-
tological Atlas (Eickhoff et al., 2007) as well as functionally defined areas of TO1 and TO2
in a brain atlas created by Wang et al. (2015). For a full description of these methods see
Chapter 2, Section 2.13.1. For area V6, a spherical ROI was created in each hemisphere.
The centre of this sphere was identified based on a group mean activation cluster derived
through contrasting the voxels responsive to coherent over incoherent motion condition
blocks. The sphere was grown around the centre of gravity of this cluster, in both hemi-
spheres, and transformed into each individual participant’s structural space (See Chapter
2, Section 2.13.2 for more detail). Heschl’s gyrus and Planum Temporale definitions were
taken from the Harvard-Oxford Cortical Structural Atlas (Harvard Center for Morpho-
metric Analysis) in FSL, and region Te1.2 from the Juelich histological atlas (Eickhoff
et al., 2007) in FSL (for more detail see Chapter 2, Section 2.13.3). These three regions
were chosen in order to separate the broader auditory area in the superior temporal cortex
(along the Sylvian fissure), superior or inferior to Heschl’s gyrus, to include regions rep-
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resenting primary, secondary and associated auditory regions. These masks were chosen
to investigate the PT and HG as it belongs to an accessible and established brain atlas
(Harvard-Oxford Atlas) and the region has previously been used by a number of studies on
cortical plasticity in deaf individuals (Fine et al., 2005; Cardin et al., 2016). Area Te1.2
has also been well established and used in a number of relevant studies (Karns et al.,
2012; Bola et al., 2016). The dependent measure extracted from each ROI was the mean
percentage signal change in the BOLD signal during the coherent and incoherent motion
blocks relative to the black fixation screen. This was extracted using the Featquery tool
within FSL (FMRIB toolbox).
4.5 Results
Neural activation evoked by motion stimuli within each ROI was statistically tested using a
factorial mixed ANOVA with a between-subject factor of group (deaf, hearing) with IBMs
SPSS 20. The age difference between the deaf and hearing groups included in this study
was near significance (p=.060). A study by Billino et al. (2008) investigated the effect of
age on visual processing, and indicates that visual motion perception is not equally prone
to age-related decline. They found no correlations of age within radial motion, however
did find negative correlations with biological and translational motion. Our experiment
presents radial and angular optic flow motion in the coherent blocks, and random motion
in the incoherent motion blocks. Based on the findings of Billino et al. (2008), these motion
types are the least likely to be affected by the age range of participants. Possible age effects
were, however, considered in the statistical analyses by including age as a covariate.
4.6 Visual Motion Areas
4.6.1 V5/MT+
To investigate possible activation differences in area V5/MT+, a factorial mixed ANOVA
was conducted with factors of hemisphere (left, right) and motion type (coherent, inco-
herent), with a between subjects factor of group (deaf, hearing). Signals across hemi-
spheres were investigated as previous studies have shown left lateralisation of activation in
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V5/MT+ when processing motion stimuli in fMRI (Bavelier et al., 2001). Age was used as
a covariate in the initial ANOVA to rule out effects of age upon the results of all partici-
pants. Age did not show any significant interactions with either hemisphere (F(1,37)=.773,
p=.385, η2=.020) or motion type (F(1,37)=.143, p=.707, η2=.004). A second ANOVA
was therefore conducted, without including age as a covariate (See Figure 4.1. Firstly, a
test of between subjects effects showed no significant overall difference between the deaf
and hearing subjects in V5/MT+ activation, F(1,38)=1.562, p=.219, η2=.039. There was
no significant main effect of hemisphere in V5/MT+ activation (F(1,38)=1.029, p=0.317,
η2=0.026). There was no interaction between hemisphere and group (F(1,38)=0.687,
p=0.412, η2=0.018). There was a significant main effect of motion type (F(1,38)=90.361,
p<.001, η2=0.704), however there was no significant interaction between the motion type
and group (F(1,38)=0.004, p=0.95, η2=0). There was also a significant interaction in all
participants between hemisphere and motion type (F(1,38)=15.162, p<.001, η2=0.285).
Figure 4.1 – A graph representing mean values of percent signal change in
visual motion area V5/MT+, divided into hemispheres and motion type, for
the deaf and hearing groups. Error bars represent +/-1 SEM.
This interaction is likely to be driven by the main effect of motion type in V5/MT+.
Overall the study found higher activation to coherent than incoherent motion across par-
ticipants but no main effect of hemisphere.
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4.6.2 V6
To investigate possible activation differences in area V6, a factorial mixed ANOVA was
conducted, with factors of visual hemifield viewed (contralateral, ipsilateral) and motion
type (coherent, incoherent) with a between subjects factor of group (deaf, hearing). Per-
cent signal change of the ipsilateral and contralateral V6 ROI was averaged, as previous
studies using wide-field retinotopy show a full contralateral hemifield representation in
V6 (Pitzalis et al., 2006). Age was used as a covariate in the initial ANOVA to rule out
effects of age upon the results of all participants. Age did not show any significant inter-
actions with either visual hemifield viewed (F(1,37)=2.497, p=.123, η2=.063) or motion
type (F(1,37)=.192, p=.664, η2=.005).
Figure 4.2 – A graph representing mean values of percent signal change in
visual motion area V6, divided into view and motion type, for the deaf and
hearing groups. Error bars represent +/-1 SEM.
A second ANOVA was therefore conducted, without including age as a covariate (See Fig-
ure 4.2). It was hypothesised that V6 activation would be higher in deaf individuals, as
it has a large emphasis in processing peripheral motion. A test of between subjects ef-
fects showed no significant difference between the deaf and hearing subjects, F(1,38)=.426,
p=.518, η2=.011. There was a significant effect of visual hemifield viewed in V6 activa-
tion, (F(1,38)=31.636, p<.001, η2=.454) however this did not interact with the factor of
group (F(1,38)=.111, p=.741, η2=.003) . There was also a main effect of motion type
(F(1,38)=72.037, p<.001, η2=.655), but no interaction between motion type and group
(F(1,38)=.000, p=.989, η2=.000). There was also a significant interaction between visual
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hemifield viewed and motion type (F(1,38)=17.615, p<.001, η2=.317).
As main effects of visual hemifield viewed and motion type were apparent, pairwise com-
parisons were conducted to establish where the effect was most prominent. Activation to
motion type showed a significant difference between the contralateral and ipsilateral V6
when viewing coherent motion (t(39)=7.021, p<.001) and incoherent motion (t(39)=4.349,
p<.001). When comparing coherent and incoherent motion activation within each hemi-
field stimulated, there was a significant difference in the ipsilateral view (t(39)=6.591,
p<.001) as well as contralateral view (t(39)=9.612, p<.001), where activation was higher
in the contralateral view compared to ipsilateral, and in both of these conditions coherent
motion elicited the higher response. The results showed V6 activation to be higher within
the contralateral hemisphere, and to coherent motion. These results support previous
studies (Pitzalis et al., 2006; Fattori et al., 2009b), which demonstrated that V6 prefers
coherent optic flow fields, compatible with egomotion (Cardin and Smith, 2011; Cardin
et al., 2012b).
4.7 Auditory Cortex
To explore the nature of cross-modal plasticity in deaf adults, activation was compared
across all three auditory regions identified within the superior temporal cortex (STC).
Further, effects of lateralisation were also investigated, as earlier studies have shown func-
tional differences in the activation of right and left regions of the STC between deaf and
hearing participants (Finney and Dobkins, 2001; Scott et al., 2014). Higher modulation
was expected in multisensory regions of the STC in deaf individuals to coherent wide-field
motion, compared to incoherent wide-field motion.
4.7.1 Te1.2
To investigate possible activation differences in the anterior auditory region of Te1.2, a
factorial mixed ANOVA was conducted, with factors of hemisphere (left, right) and motion
type (coherent, incoherent), as well as a between subjects factor of group (deaf, hearing).
Age was used as a covariate in the initial ANOVA to rule out effects of age upon the results
of all participants. Age did not show any significant interactions with either hemisphere
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(F(1,37)=.134, p=.716, η2=.004) or motion type (F(1,37)=.025, p=.874, η2=.001). A
second ANOVA was therefore conducted, without including age as a covariate (See Figure
4.3). Test of between subjects effects showed an overall significant difference between
the deaf and hearing group, (F(1)=10.110, p=.003, η2=.210). There was no significant
main effect of hemisphere (F(1,38)=1.046, p=.313 η2=0.027). A significant interaction
was apparent between hemisphere and group (F(1,38)=5.211, p=0.028, η2=0.121). There
was no main effect of motion type (F(1,38)=1.320, p=0.258, η2=0.034) but there was
a significant interaction between the motion type and group (F(1,38)=9.669, p=0.004,
η2=0.203). There was no significant interaction between the hemisphere and motion
type in all participants, (F(1,38)=0.325, p=0.572, η2=0.008). Equal variances could be
assumed throughout.
Figure 4.3 – A graph representing mean values of percent signal change in
visual motion area Te1.2, divided into hemispheres and motion type, for the
deaf and hearing groups. **=p<.01, ***=p<.001. Error bars represent +/-1
SEM.
As there was a significant interaction between the group and motion type, t-test compar-
isons were conducted to establish where the effect was most prominent. As four compar-
isons were made the alpha value was Bonferroni corrected to .0125 (.05/4). Firstly, a sig-
nificant difference was found between groups within the left hemisphere to coherent motion
(t(38)=2.745, p=.009). Equality of variances was assumed (F=2.335, p=.135). Within the
right hemisphere, the same pattern was apparent for coherent motion, with a significant
difference in activation between deaf and hearing subjects (t(38)=5.066, p<.001). Equal-
ity of variances was assumed (F=.019, p=.890). There was no difference between groups
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in activation to incoherent motion in the left hemisphere (t(38)=.515, p=.610, equality of
variances assumed, F=.026, p=.872) or right hemisphere (t(38)=1.873, p=.069, equality of
variances assumed, F=.030, p=.864). When presented with coherent motion, area Te1.2
in the deaf participants showed a significantly less suppression bilaterally compared to
hearing participants. Conversely, this area was suppressed in hearing participants. This
difference between groups is only apparent in the coherent motion condition; activation
to incoherent motion shows comparable suppression in both hearing and deaf subjects.
Activation is not significantly specific to each hemisphere, but is to the motion type.
4.7.2 Planum Temporale
To investigate possible activation differences in the posterior auditory region, Planum
Temporale (PT), a factorial mixed ANOVA was conducted, with factors of hemisphere
(left, right) and motion type (coherent/incoherent), and a between subjects factor of group
(deaf, hearing). Age was used as a covariate in the initial ANOVA to rule out effects of
age upon the results of all participants. Age did not show any significant interactions
with either hemisphere (F(1,37)=.042, p=.840, η2=.001) or motion type (F(1,37)=.895,
p=.350, η2=.024).
Figure 4.4 – A graph representing mean values of percent signal change in
visual motion area PT, divided into hemispheres and motion type, for the deaf
and hearing groups. ***=p<.001. Error bars represent +/-1 SEM.
A second ANOVA was therefore conducted, without including age as a covariate (See
Figure 4). Test of between subjects effects showed a significant overall difference between
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our groups, (F(1)=7.434, p=.010, η2=.164). There was a significant main effect of hemi-
sphere (F(1,38)=9.796, p=0.003 η2=0.205) but no interaction between hemisphere and
group (F(1,38)=0.14, p=0.905, η2=0). There was a significant main effect of motion type,
(F(1,38)=35.946, p<0.001, η2=0.486). A significant interaction was also apparent between
the motion type and group (F(1,38)=5.763, p=0.021, η2=0.132), as well as between hemi-
sphere and motion type in all participants (F(1,38)=34.006, p<.001, η2=0.472). Equal
variances could be assumed throughout.
To ascertain where the effect was most prominent, t-tests were conducted within each
hemisphere and motion type. The alpha value was Bonferroni corrected to .0125 (.05/4).
Within the left hemisphere, a significant difference between the groups was found within
the coherent motion condition (t(38)=3.439, p=.001, equal variances were assumed, F=1.578,
p=.217). There was no significant difference in the incoherent motion condition (t(38)=1.342,
p=.188, equality of variances assumed, F=.216, p=.645). Within the right hemisphere PT
activation, there was no significant difference between the groups in the coherent mo-
tion condition (t(38)=2.075, p=.045), or in the incoherent motion condition t(38)=1.421,
p=.163). Equal variances were assumed in both tests (coherent: F=2.928, p=.095; in-
coherent: F=3.039, p=.089). The Planum Temporale shows more lateralisation when
processing coherent motion. There is a significant difference between deaf and hearing
subjects in activation within the left PT, but not in the right PT. Incoherent motion
blocks show no processing differences between the deaf and hearing groups.
4.7.3 Heschl’s Gyrus
To investigate possible activation differences in Heschl’s Gyrus (HG), a factorial mixed
ANOVA was conducted, with factors of hemisphere (left, right) and motion type (coher-
ent, incoherent), as well as a between subjects factor of group (deaf, hearing). Age was
used as a covariate in the initial ANOVA to rule out effects of age upon the results of
all participants. Age did not show any significant interactions with either hemisphere
(F(1,37)=.337, p=.565, η2=.009) or motion type (F(1,37)=.000, p=.989, η2=.000).
A second ANOVA was therefore conducted, without including age as a covariate (See
Figure 4.5). Tests of between subjects effects showed no overall difference between hearing
and deaf participants (F(1)=3.204, p=.081, η2=.078). There was a significant main effect
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of hemisphere (F(1,38)=18.685, p<.001 η2=0.330), and a significant interaction between
motion type and group (F(1,38)=10.629, p=0.002, η2=0.219). There was no significant
interaction between hemisphere and group (F(1,38)=1.844, p=0.182, η2=0.046), and no
main effect of motion type (F(1,38)=.316, p=0.578, η2=0.008). There was no significant
interaction between hemisphere and motion type, (F(1,38)=1.112, p=0.298, η2=0.028) .
Equal variances could be assumed throughout.
Figure 4.5 – A graph representing mean values of percent signal change in
visual motion area HG, divided into hemispheres and motion type, for the
deaf and hearing groups. ***=p<.001. Error bars represent +/-1 SEM.
As it was hypothesised that activation profiles would differ between deaf and hearing
groups, t-tests were conducted to investigate which comparisons showed this difference.
There was also a main effect of hemisphere, as well as an interaction between motion type
and group. The significance value was Bonferroni corrected to a value of .0125 (05/4 =
.0125). Within the left hemisphere, a significant difference was clear within the coherent
motion condition (t(38)=3.017, p=.005, equal variances were assumed, F=3.377, p=.074).
There was no significant difference between the groups when considering incoherent motion
(t(38)=.857, p=.397, equality of variances assumed, F=.403, p=.529). Within the right
hemisphere, no significant difference was observed in either motion type (coherent motion,
t(38)=2.321, p=.026, equality of variances assumed, F=.802, p=.376; incoherent motion,
t(38)= -.281, p=.780, equality of variances assumed, F=.121, p=.730). Heschl’s gyrus,
like the Planum Temporale, shows lateralisation, where the left HG is not suppressed by
the deaf subjects in the coherent motion condition, whilst the right HG is suppressed in
both groups.
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4.8 Discussion
4.8.1 Summary of Key Results
The experiment presented in this chapter aimed to identify effects of cortical plasticity in
visual motion and auditory regions of the brain, where these differences may result from
congenital hearing loss. Behavioural studies have shown visual motion perception advan-
tages in the far-periphery in deaf adults (Buckley et al., 2010; Codina et al., 2017). There-
fore, this study sought to identify possible neural substrates involved in far-peripheral
motion processing. There were no significant differences between the deaf and hearing
participants in the cortical activation to motion within visual areas V5/MT+ and V6.
However, the three auditory regions located in the superior temporal cortex showed sig-
nificant differences in response to motion stimuli between deaf and hearing participants.
In the superior temporal cortex, the results indicate that when stimulating the brain with
coherent motion, the left hemisphere of deaf participants exhibits significantly different
activation in area Te1.2, Heschl’s gyrus and the Planum Temporale, compared to hearing
individuals. Within the right hemisphere, there is only a significant difference in activation
of area Te1.2, where hearing participants showed a strong suppressive signal, whilst the
deaf showed one close to null. In the right PT, however, there was an increased response in
both groups which was especially pronounced in the deaf participants. Incoherent motion
did not yield any activation differences between groups, in any of the auditory regions of
either hemisphere.
4.8.2 V5/MT+
There were no significant differences between deaf and hearing participants in the re-
sponsiveness of V5/MT+, however the deaf showed consistently, yet not significantly,
lower activation from hearing participants in both hemispheres and to both motion types.
V5/MT+ was significantly modulated by motion type, where activation was significantly
higher in all participants when coherent motion was perceived, compared to incoherent
motion. There is some evidence in the fMRI literature showing heightened activation or
wider spatial extent of activity in V5/MT+ (Scott et al., 2014; Bavelier et al., 2001), whilst
other studies, along with the results of this experiment, show no difference in responsive-
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ness in this region between deaf and hearing subjects (Finney and Dobkins, 2001; Bavelier
et al., 2000). It is important to consider the discrepancy between these results. Differences
reported by Bavelier et al. (2001) were attributed to differences in attentional shifts, as
participants were instructed to direct their attention either to central, or peripheral loca-
tions. The effects were larger for attention towards peripheral vs. central motion stimuli
in deaf participants, with the opposite effect in hearing controls. Similarly, Scott et al.
(2014) contrasted responses of attending towards peripheral over central visual targets. It
is possible that no effect was present in the current study, as attention was not directed
to different visual field eccentricities. However, findings of attentional advantages in deaf
individuals have not been replicated in other studies on attentional effects. Bosworth and
Dobkins (2002) did not report any differences in attentional capacity between deaf and
hearing individuals, when using a direction of motion discrimination task. Similarly, an
fMRI study by Fine et al. (2005) did not report any differences in attentional modulation
of visual areas, including area V5/MT+, in deaf participants. It is possible that the incon-
sistency in attentional effects observed across these studies are related to task differences.
Differences in activation seen in Bavelier et al. (2001) may be related to the behavioural
advantages seen in deaf individuals in peripheral motion processing; however results to
this date are inconclusive. A very recent behavioural study by Samar and Berger (2017),
offers a further explanation to this inconsistency. They argue that in terms of attentional
capacity, reductions seen in central processing of deaf individuals are not necessarily met
with enhancements in peripheral processing. It is likely that the spatial distribution of
visual performance enhanced by attentional processes in deaf individuals are driven by
cross-modal plasticity mechanisms, which recruit specific sensory and multisensory cor-
tices to achieve specific processing enhancements. In contrast to previous studies, the
current study investigated the magnitude of percent BOLD signal change, and not the
spatial extent of activation (mm3) as shown in Bavelier et al. (2001). In order to com-
pare results, the number of voxels over a significant threshold (z>2.3) were also extracted
in the current study, but did not show any significant differences between the deaf and
hearing individuals (appendix A.2). It is also worth noting that the extent of visual field
stimulated in the Bavelier et al. (2001) study was limited compared to the wide-field mo-
tion stimulus used in this study. Here, the motion stimulus used incorporated integration
reaching 72◦ of eccentricity along the horizontal plane.
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4.8.3 TO-1 and TO-2
It is also possible that this study did not detect effects within V5/MT+, as the signals
were averaged across the entire region, which incorporates several sub-regions. Primate
literature provides evidence of at least four separate regions within the MT+ complex,
namely MT, MST, FST and tV4 (Ungerleider and Desimone, 1986). These have been
shown to have different functional characteristics (Saito et al., 1986). TO-1 and TO-2
are well established human homologues of areas MT and MST (Huk et al., 2002; Amano
et al., 2009; Cardin et al., 2012b). TO-1 has been shown to respond strongly to all types
of motion, whilst TO-2 is modulated by complex motion such as expansion and rotation,
responding less to translational and random motion (Smith et al., 2006). Populations of
neurons in area TO-2 have larger receptive fields, but the area does not have a distin-
guishable retinotopic map. TO-2 could be responsible for integrating motion over a larger
visual field extent. TO-1 has smaller receptive fields, and a representation of the contralat-
eral hemifield (Heeger et al., 1999). Some previous research has suggested that receptive
fields coding the periphery are larger in the primary visual cortex (V1) of deaf individu-
als, compared to hearing controls (Smittenaar et al., 2016). It is not known whether this
difference is present, or modulates differential responses, in area V5/MT+. By averaging
signals across the sub-regions TO-1 and TO-2, this study may have lost some sensitiv-
ity in its ability to detect differential activation between hearing and deaf participants.
Further research could investigate weather activation profiles between deaf and hearing
individuals differ within the sub-region of the V5/MT+ complex especially within area
MST which integrates over a larger portion of the visual field. Also, it is possible that
previous studies (Bavelier et al., 2001; Fine et al., 2005) report group differences mainly
from area TO-1, as the limited visual field stimulated would not incorporate the receptive
fields which respond far into the periphery as those of region TO-2.
4.8.4 Defining V5/MT+
Localising regions of interests for analysis in fMRI always poses challenges. In the present
study, the region was defined by choosing a restricted sum of three different definitions
of V5/MT+. This conservative approach allowed signals from V5/MT+ to be extracted
with a high degree of reliability. A future study could introduce careful retinotopic map-
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ping procedures (Amano et al., 2009) or functional localisers for areas TO-1 and TO-2
(Huk et al., 2002), which would provide a way of defining the two regions separately, and
extracting comparable activation within them. This could elicit possible differences in ac-
tivation as well as receptive fields between the activation of TO-1 and TO-2 between deaf
and hearing individuals, identifying one of the sub-regions as a substrate of heightened
far-peripheral motion processing.
4.9 V6
Activation in area V6 did not differ between deaf and hearing individuals. All participants
did show higher activation in contralateral V6 to coherent motion, as seen in previous
studies (Pitzalis et al., 2006; Fattori et al., 2009a). This is observed especially when the
perceived motion is egomotion compatible, such as coherent motion of optic flow fields
(Cardin and Smith, 2011; Cardin et al., 2012b). It is possible that, even though V6 has a
large peripheral emphasis, it is not directly involved in the heightened behavioural visual
advantages seen in the far-periphery of deaf individuals (Buckley et al., 2010; Codina
et al., 2017). This question will be further explored in Chapter 6. In animal studies, area
V6 shows reciprocal connections with various visual and parietal regions, and plays an
essential role in the dorsal visual stream (Galletti et al., 2001). This paper suggested that
V6 may be responsible for extracting local information from near reachable space from
egocentric global motion, to guide and coordinate arm movements. In this sense, the role
of V6 may be to distribute visual information from the dorsal visual stream to parietal
regions involved in these sensorimotor actions. V6 has a large peripheral visual field
representation, and further studies involving the extrapolation of local motion from global
ego-compatible motion fields could elucidate any differences in these tasks, in connection
to the behavioural advantages seen in the deaf population.
4.9.1 Localisation of V6
Cardin and Smith (2011) presented reliable ways of localising V6 with ego-compatible
motion fields, and Pitzalis et al. (2006) show that the region can reliably be localised
through wide-field retinotopic mapping methods. It is quite a focal region, tucked into
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the top of the parietal occipital sulcus. In this study, a method of contrasting coherent
over incoherent motion blocks was used to identify the region of interest, which reliably
captures the core activation of V6. The definition was based on the group average co-
ordinates of the activation clusters which emerged from the mentioned motion contrast
(coherent>incoherent). As the definitions used to investigate V6 were focal and limited
to a sphere of 20mm in diameter, it is possible that due to individual variability, in some
cases these defined mask did not encapsulate V6 activation ideally. A future study could
include a functional localiser of V6 motion, in order to identify V6 in each individual, and
then query the identified region with a separate motion scan.
4.10 Auditory Cortex
The current study found selective cross-modal activation of auditory cortex in deaf indi-
viduals, in line with previous studies (Fine et al., 2005; Finney et al., 2003). Furthermore,
coherent motion elicited notable differences in the recruitment of auditory regions between
deaf and hearing participants. Significant differences were seen in the responses of bilateral
Te1.2 and Heschl’s Gyrus, as well as in the left Planum Temporale. Hearing individuals
suppressed regions Te1.2 and HG in both hemispheres significantly more than deaf par-
ticipants. There were no group differences in responsiveness of the auditory regions to
incoherent motion (see Figure 4.6). Before discussing the results of the auditory regions,
it is important to note that regions of auditory cortex in humans are not as well defined in
terms of precise anatomical location or functionality, as they are in animal models (Hack-
ett, 2011; Dick et al., 2012). Furthermore, auditory areas are not as well understood as
visual regions of the human brain (Wandell et al., 2007).
4.10.1 Right Auditory Cortex
Hemispheric differences between deaf and hearing participants are highlighted by selective
responses to coherent optic flow motion. The right PT is recruited by both hearing and deaf
individuals, however this effect is significantly higher in deaf, when compared to hearing
participants. In hearing individuals, the right PT is involved in processing auditory motion
(Griffiths et al., 1998; Baumgart et al., 1999). A more recent study by Bola et al. (2016)
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Figure 4.6 – The upper part of the figure shows each auditory region of
interest queried in analysis, displayed on the standard MNI152 brain. The bar
graphs present the average % BOLD signal change in each group, separated
by motion type and auditory region of each hemisphere. Significance indicated
after Bonferroni correction. *** = .001, **=.01. Error bars represent +/-1
SEM.
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conducted an experiment involving temporal judgements of visual and auditory rhythm
in deaf and hearing subjects. Hearing participants were given auditory stimuli, and deaf
participants were presented with a visual rhythm stimulus. The higher-level right auditory
cortex (posterior-lateral region) showed higher activation during these tasks for both deaf
and hearing subjects. This cross-modal activation did not extend to primary auditory
cortex in their study. Their results suggest that higher level auditory regions switch
their input modality from auditory to visual signals, preserving task-specific activation
patterns in this region that are independent of the sensory modality. In the light of
current results, the right PT may be recruited to a greater extent in deaf individuals than
in hearing individuals. This is likely to be due to the auditory spatial information being
absent in the case of deaf individuals. The results of this study support the hypothesis
that the right hemisphere PT is most likely involved in the processing and integrating of
spatial information, independent of modality. In deaf individuals, this region is recruited
to process visual information, given the absence of auditory inputs. This study found
a suppressive response in the PT for hearing participants. This can be explained given
the possible role of the PT in the integration of sensory inputs. When only one input
modality is presented (in this study, coherent optic flow visual motion), suppression is
observed in hearing adults as only visual inputs are relevant. Deaf individuals however
need not suppress this region, as there is no perceived lack of auditory input. Finally,
this study provides novel results where a differential pattern of activation is observed in
auditory cortex of deaf and hearing individuals only when coherent, and not incoherent,
wide-field motion is considered (see Figure 4.6).
4.10.2 Left Auditory Cortex
Activation increases in deaf compared to hearing participants within the left auditory
cortex, when progressing from area Te1.2, through HG and PT. Again, the PT is activated
more so in deaf individuals when compared to the hearing group (see Figure 4.6). In terms
of functionality, the left auditory cortex of hearing individuals is optimised for processing
speech as it has a higher sensitivity to spectral information (Zatorre et al., 2002). The
left HG shows enhanced responses when hearing individuals integrate auditory and visual
speech signals (Calvert et al., 2001). In deaf individuals, the left PT shows recruitment
during a mouth-movement matching task (Sadato et al., 2005). An fMRI study of deaf
95
Chapter 4: Neural Responses in Motion Processing Areas of Deaf and Hearing Adults
and hearing subjects, both separated into groups of signers and non-signers (Cardin et al.,
2013), observed activation in the left superior temporal cortex. This activation was tied to
language processing, regardless of its input modality, and right superior temporal cortical
activation was specific to auditory deprivation. This study did not include language based
stimuli in either modality. However, based on the outlined studies, the left auditory area
might still be language specific and not tied to a specific modality. This may be the case
especially in more central and anterior parts (Te1.2 and HG), as the PT appears to be
specifically involved in processing visual motion, as this study found selective recruitment
for processing coherent motion in the left PT of deaf, but not hearing individuals.
4.10.3 Bilateral Auditory Cortex
The anterior auditory area Te1.2 is not activated by coherent motion in deaf individuals,
but is significantly suppressed bilaterally in hearing when compared to deaf individuals.
Incoherent motion showed no differences between the groups. Previous studies, such as
that of Karns et al. (2012), found the largest responses to somatosensory stimuli within
the more anterior area Te1.2 in deaf individuals. This correlated with the perceived
strength of a double-flash illusion, signifying the regions plasticity and involvement in
multisensory processing. Overall, the current study found significant evidence showing
that auditory cortex is distinctively modulated by coherent wide-field optic flow fields.
This is an interesting finding as previous studies found that hearing signers did not show
any activation of auditory cortex to visual stimuli (Fine et al., 2005). One explanation for
this is that studies often look at activation contrasts between groups (Fine et al., 2005;
Karns et al., 2012; Scott et al., 2014), in which case the contrast of deaf over hearing
responses could either mean that hearing suppress the region more or deaf participants
activate it more, or not at all. The current study includes the percent BOLD signal
change and not contrasts, therefore providing a more accurate picture of neural responses.
In line with this point, it is also important to note that the suppression of auditory regions
Te1.2 and HG observed in the hearing group across both hemispheres is not due to the
suppression of scanner noise as when viewing incoherent motion, the deaf and hearing
participants follow the same activation pattern in all auditory regions.
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4.10.4 Localisation of Auditory Regions
It is important to note that the location of auditory cortex is highly variable across indi-
viduals, and is more susceptible to error when localising it through a brain atlas (Karns
et al., 2012). This is compounded by the fact that there are a number of functional and
anatomical subdivisions within auditory cortex, whose precise definition in humans is still
unclear. Methods such as those used by Dick et al. (2012) use structural properties of the
auditory cortex based on myelination to accurately identify the core of primary auditory
cortex. Their study nonetheless noted inter-hemispheric variability within individuals, as
well as noticeable differences between subjects. Despite the fact that, in this study, regions
of interest were defined using brain atlas masks, there was a striking difference between
coherent and incoherent motion in the selected regions of the primary and higher-level
auditory regions.
4.11 Visuo-spatial Language Experience
These data likely represent the effects of sensory deprivation rather than language modality
differences. Previous studies that included hearing signers as an additional control group
did not show significantly increased activation over that observed in deaf participants in
primary auditory, V5/MT+ and STC regions (Neville and Lawson, 1987; Bavelier et al.,
2001). Although British Sign Language interpreters have shown motion detection advan-
tages over hearing non-signers, the deaf still displayed the greatest behavioural advantage
out of the three groups (Codina et al., 2017).
4.12 Conclusions
In conclusion, the presented results have highlighted that regions of heightened visual
motion processing seen in deaf individuals might not be located in sensory specific visual
regions, but within cross-modal regions in the superior temporal cortex. When comparing
deaf to hearing controls, there was no recruitment in regions Te1.2 and HG in either hemi-
sphere. This study did, however, observe higher recruitment of the Planum Temporale,
especially in the right hemisphere. These results show novel and distinctive differences in
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response profiles in auditory regions between deaf and hearing participants, when visual
information in the shape of coherent global motion is processed.
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Chapter 5
Behavioural Measures of Motion
Processing in Deaf and Hearing
Adults
5.1 Overview
This chapter describes two behavioural tasks designed to measure differences in periph-
eral visual motion processing in deaf individuals, when compared to hearing controls. The
background literature is described, where previous evidence of visual processing differences
between deaf and hearing individuals is outlined. The first task carried out by participants
measured visual global motion discrimination, where participants had to judge the direc-
tion of coherently moving dots, amongst incoherent dot motion. This task was designed
to maximally stimulate motion regions V5/MT+ and V6, described in Chapter 4, to re-
late behavioural outcomes to neural responses in these regions. The second behavioural
experiment targeted local motion detection, where participants were asked to detect slow
motion changes at various eccentricities. This paradigm was closely matched to tasks used
previously in the literature, in which deaf individuals showed superior performance. The
testing methods are described in brief, followed by the results of both tasks. Measures of
performance thresholds and reaction times were extracted and compared. The results of
the two tasks are discussed in light of each other and previous literature.
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5.2 Background
In congenital deafness, the lack of auditory signals are often paired with superior vi-
sual performance when compared to normally hearing adults. These differences in visual
perception are likely due to sensory compensation. The performance of deaf individu-
als compared to hearing controls has been studied with various visual tasks (Neville and
Lawson, 1987; Loke and Song, 1991; Bavelier et al., 2000; Proksch and Bavelier, 2002;
Stevens and Neville, 2006; Hauthal et al., 2013; Heimler and Pavani, 2014, Shiell et al.,
2014, Codina et al., 2016). However, the current literature does not present a clear case
for advantages in every type of visual task, and it appears that it is not simply a matter of
superior or inferior visual processing abilities of deaf individuals. Rather, deaf participants
may show selective enhancements within specific types of visual processing. A review by
Pavani and Bottari (2012) summarised several behavioural experiments which investigated
the performance of deaf and hearing individuals in various sensory tasks. They concluded
that a number of experiments demonstrate superior behavioural advantages in the deaf
population when a task included manipulations of visual attention (Bavelier et al., 2000;
Neville and Lawson, 1987; for a review, see Voss et al., 2010). Building on this notion,
several publications have showed enhancements in attentional processing involving spatial
localisation of visual targets in the peripheral visual field (Parasnis and Samar, 1985; Loke
and Song, 1991; Bosworth and Dobkins, 2002; Proksch and Bavelier; Bottari et al., 2010).
Furthermore, deaf adults appear to show enhancements in the peripheral visual field in
motion processing (Bavelier et al., 2000; Stevens and Neville, 2006; Buckley et al., 2010;
Hauthal etl al., 2013).
One example where motion processing is particularly heightened in deaf subjects includes
discrimination of motion, where Hauthal et al. (2013) employed a task with coherently
moving and static dots. These were presented in two apertures on either side of a cen-
tred fixation point at 6.25 ◦ eccentricity. Deaf and hearing individuals did not differ in
their ability to localise movement. However, when asked to discriminate small angular
differences in the direction of dot motion, the deaf participants responded faster and more
accurately. When considering these findings, the study by Hauthal et al. (2013) only
stimulated the near peripheral visual field (6.25 ◦). There is a high variability in the many
tasks used to investigate visual processing enhancements, as definitions of central vs. pe-
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ripheral visual field vary drastically. Studies describing ’central’ visual field can vary from
direct, central fixation to perifoveal locations, whilst ’peripheral’ conditions have been
used to describe anything from 3-25 ◦ eccentricity. Anatomically within the retina, the
foveal region is clearly defined and extends to 1.5 ◦, whilst the definition of the perifovea
varies across studies, and can describe eccentricities between 1.5-10 ◦ (discussed in Burnat,
2015). It is important to make these distinctions, as the largest behavioural advantages
seem to transpire further within the peripheral visual field. One of the earlier studies by
Loke and Song (1991) investigated differences between hearing and deaf subjects in visual
target detection tasks. Participants had to detect a visual target on a screen, an asterisk
which appeared centrally at fixation (0.5 ◦) or peripherally (25 ◦). The deaf group was sig-
nificantly faster in the peripheral condition, but also showed faster, yet not significantly
so, reaction times in the central condition. At further eccentricities, a kinetic perimetry
test, where a subject has to detect a dot moving in from the far periphery and a dimmer
light into the near periphery, demonstrated higher sensitivity in deaf individuals within
both the near (30 ◦) and far periphery (< 60 ◦) (Buckley et al., 2010). It is perhaps not by
chance that the observed enhanced sensitivity emerges within further eccentricities. Au-
ditory and visual inputs coming from the periphery are used to monitor the surrounding
environment for changes and hazards. Auditory signals are especially useful in providing
information originating beyond the visual field, and hearing individuals benefit from au-
ditory signals orienting them towards potential risks. It is therefore possible that with the
absence of the auditory input in deaf individuals, peripheral vision compensates for the
lack of cross-modal integration of these inputs.
Furthermore, behavioural studies of hearing and deaf subjects do not report advantages in
deaf individuals in all types of visual tasks (Bavelier et al., 2000; Stevens and Neville, 2006;
Hauthal et al., 2013). The selectivity of perceptual enhancements in deaf individuals was
investigated by Lomber et al. (2010) using a wide range of visual tasks, including visual
target localisation, grating acuity, vernier acuity, velocity discrimination and the detection
of motion. The study shows a clear specificity of perceptual enhancements. Perceptual ad-
vantages of deaf cats were only seen for visual target localisation within the far-periphery,
and motion detection tasks. Furthermore, a visual task which modulated attention showed
a perceptual deficit in deaf individuals, where heightened sensitivity within the periphery
occurred at a cost of lower visual performance in the central visual field (Proksch and
Bavelier, 2001). However, there are studies that do not support this hypothesis - no visual
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processing advantages were detected in several visual processing studies involving deaf
subjects (Reynolds, 1993; Finney and Dobkins, 2001). Interestingly, there have been no
detected advantages in studies including deaf children either (Zarfaty et al., 2004). How-
ever, a study by Codina et al. (2010) detected visual processing enhancements emerging
in adolescents (age 13-15), but not in children, below the age of 12. There is evidence to
suggest that differences between the performance seen in the central and peripheral visual
field locations of deaf and hearing individuals may not in fact transpire only from differ-
ences in the allocation of attention. A study by Bottari et al. (2010) aimed to address this
question with two tasks, one requiring the orienting of attention, and the other relying on
distributed attention, both tasks involving the same central and peripheral targets. The
study showed that the peripheral visual advantage of deaf individuals remained, as they
performed better than hearing controls within the peripheral condition, regardless of the
attentional manipulation. The result gives support to the argument that it is not down
to the allocation of attention per se, but perhaps increased sensitivity in the peripheral
visual field which gives rise to the advantage seen in deaf individuals. This heightened
sensitivity is not due to faster attentional orienting alone. The described studies which
employ near-peripheral motion processing tasks do not consistently report perceptual en-
hancements in deaf individuals. It is not clear which behavioural advantages are most
apparent the variable reports suggest that the advantage is highly selective. The key
question is which specific motion processing features deaf individuals are more sensitive to
than hearing individuals. However, there is a lack of studies investigating the far-periphery,
where motion advantages would be of the highest benefit to deaf individuals, and indeed
as mentioned, only a few studies show clear advantages here (Buckley et al., 2010; Stevens
and Neville, 2006). The current study addresses this question in the literature by asking
whether deaf individuals show faster reactivity or heightened sensitivity to motion stimuli
in the far periphery. Here, two distinct motion processing tasks have been designed to
investigate both aspects of behavioural performance (perceptual thresholds and reaction
times). Both measures are equally informative, and many past studies either only focus
on reaction times or only on perceptual thresholds.
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5.3 First task: Global motion discrimination
The first behavioural task was carried out to investigate if deaf individuals are better at
detecting global coherent motion amongst noise (incoherent motion) than hearing indi-
viduals. This was a two-alternative forced choice (2AFC) task, and the stimuli included
were designed to target motion processing regions of the brain, in line with the previous
chapter, as it was hypothesised that neural motion processing regions V5/MT+ and V6
would be involved in heightened visual sensitivity in deaf adults. Furthermore, as previ-
ously discussed, there is reason to believe that the greatest advantage in visual processing
in deaf adults is seen when processing far-peripheral motion. Therefore, it was hypoth-
esised that V6, a motion processing area that possesses an enlarged representation of
the far-peripheral visual field, might be particularly important for processing far periph-
eral motion in this task. (The relationship between task performance and visual motion
processing in the brain is explored in Chapter 6).
5.4 Second task: Local motion detection
The second behavioural task required participants to detect slow dot motion also in a
two-alternative forced-choice (2AFC) task. The paradigm was designed based on experi-
ments which previously show advantages in deaf individuals within the perifoveal visual
field, between 5-14 ◦ (Hauthal et al., 2013, Lomber et al., 2010). In previous studies,
deaf individuals showed the enhanced ability to detect motion at lower thresholds com-
pared to hearing controls. The current task extended this paradigm to test far peripheral
eccentricities reaching 40 ◦.
5.5 Methods
5.5.1 Participants
The global motion discrimination task included 33 subjects: 12 congenitally and pro-
foundly deaf individuals (mean age=31.65, range=20- 48 years, 5 females, see Chap-
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ter 2, Section 2.1 for more details) and 21 hearing individuals (mean age=25.83 years,
range=20-48 years, 11 females). There was no significant age difference between the
groups (t(31)=1.955, p=.120). The local motion detection task included 27 subjects: 11
congenitally and profoundly deaf individuals (mean age=29.34 years, range=20-48 years,
5 females, see Chapter 2, Section 2.1 for more details) and 16 hearing individuals (mean
age=26.65 years, range=20-48 years, 9 females). There was no significant age difference
between the groups (t(25)=0.881, p=.390). All participants had normal or corrected-
to-normal vision and gave informed consent. Each deaf participant also filled out a brief
questionnaire regarding the known aetiology of deafness (Methods, section 2.2.1 ). All deaf
participants reported severe to profound hearing loss in both ears (>70db). Both stud-
ies were approved by The York Neuroimaging Centre Research Governance Committee
(Department of Psychology, University of York).
5.5.2 Global motion stimuli
The global motion stimuli were designed to activate the central and far-peripheral visual
field and test motion direction discrimination of coherent motion within incoherent mo-
tion noise. This type of stimulus was chosen as it strongly activates area V6 (Pitzalis
et al., 2006; Cardin et al., 2012) and area V5/MT+ (Smith et al., 2006). These two
regions are investigated as correlates of global motion discrimination performance, and
possible substrates of higher sensitivity in deaf individuals (see Chapter 6). Stimuli were
presented in three conditions testing the central visual field, left far peripheral field and
right far peripheral field. In each eccentricity condition, the participant judged the global
direction of motion in each run, which was either radial (inwards/outwards) or angular
(clockwise/counter-clockwise) (see Figure 5.1). The dependent variable consisted of a
threshold obtained, representing the percentage of coherently moving dots needed to iden-
tify the direction of motion amongst incoherent dot motion, with a 75% correct response
rate. A Bayesian adaptive Weibull staircase was used to fit perceptual threshold values
(Kontsevich and Tyler, 1999). In the peripheral conditions, wide-field dot motion was
displayed beyond 40 ◦ from fixation, extending to the edge of the screen, at 89 ◦, in the
left and right hemifield separately. The central condition consisted of an aperture with a
5 ◦ radius around central fixation, within which dot motion was presented. The size of the
dots was scaled according to eccentricity to account for cortical magnification and create
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a percept of motion in depth (optic flow) especially within the peripheral conditions (for
more details, see Chapter 2, Section 2.10).
Figure 5.1 – A schematic representation of two eccentricity conditions (cen-
tral: A, C; left peripheral B,D). The green arrows represent the two possible
directions of motion, it being either angular, clockwise/counter-clockwise (A,
B) or radial, inwards/outwards (C, D). The right peripheral hemifield con-
dition was a mirror image of the left hemifield condition. The green arrows
indicate the two possible angular motion directions (clockwise and counter-
clockwise directions).
5.5.3 Local motion stimuli
The local motion task was designed to test the sensitivity of local motion detection at
different eccentricities (5 ◦,10 ◦,20 ◦,40 ◦), including the far-periphery, in contrast to the
global motion direction discrimination task. Previous studies with localised motion tasks
have reported visual processing advantages in deaf human subjects (Hauthal et al., 2013;
Shiell et al., 2014; Scott et al., 2014) and deaf cats (Lomber et al., 2010). The stimuli
used in this study consisted of two apertures (9 ◦ diameter), on either side of the fixation
cross. In each trial lasting 500ms, one of the two apertures would contain dots moving
(between 0.1 ◦/sec-1 ◦/sec) either left or rightwards with 100% dot coherence (for more
details, see Figure 5.2 and Chapter 2, Section 2.16). Participants were instructed to
indicate which of the apertures contained motion (left or right aperture), but not the
direction of dot motion. The dependent variable extracted was the threshold based on
the minimum speed necessary for 75% correct motion detection, and a Bayesian adaptive
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Weibull staircase was also used to fit perceptual threshold values in this task (Kontsevich
and Tyler, 1999). The next trial would start after a response was given.
Figure 5.2 – A schematic representation of the four eccentricity conditions
included in the local motion detection task. The green arrows indicate the
two motion direction possibilities.
5.5.4 Procedure
Both psychophysical tasks used the method of two alternative forced choice (2AFC), and
were designed in Psykinematix (Beaudot, 2009). Subjects were seated in front of a large
Samsung 51 plasma display in a dark room, at a viewing distance of 600mm. Participants
completed at least one practice trial in the 5 ◦ and 40 ◦ eccentricity condition, and were
asked if they felt comfortable with the task before beginning. Trial order was randomised
for both tasks. Every participant carried out each condition at least twice, if the thresholds
were in close agreement. If they were not, participants were asked to complete more trials.
When testing deaf participants, a BSL interpreter assisted in explaining the task, if needed.
Before each run, participants were prompted with written instructions on screen, where
they were reminded to keep their gaze on the fixation cross at all times. Responses were
recorded through a keyboard. Participants were instructed to respond with their preferred
hand. Testing each participant took 40-60 minutes per task, depending on breaks taken
between runs and explanation time needed. For further details see Chapter 2, Section
2.17.
5.5.5 Data Analysis
The thresholds from each run were averaged for each condition to provide a mean for
all motion sensitivity within a visual location. In the global motion task these included
106
5.6 Results
means for the radial and angular motion runs within the central, left and right periph-
eral locations, and for the local motion task a mean per each eccentricity condition
(5 ◦,10 ◦,20 ◦,40 ◦). Thresholds extracted were averaged for each eccentricity condition.
The mean of the median reaction times were recorded for the correct response trials in
each condition for both tasks. Responses given before 200ms were discarded, attributed
to premature responses or a lapse in attention. For more details see Chapter 2, section
2.18.
5.6 Results
5.6.1 Global Motion Discrimination
As the left and right visual far-peripheral field conditions were separate, possible differ-
ences between hemifields were tested with a mixed factorial ANOVA, with the factor of
hemifield (left, right) and group (deaf, hearing). There was no main effect of hemifield
on threshold (F(1,29)=.192, p=.664, η2=.007) or reaction time (F(1,29)=.574, p=.455,
η2=.021). Equal variances were assumed for both measures. There were no significant in-
teractions between hemifield and group (threshold: F(1,29)=.192, p=.664, η2=.024; RT:
F(1,29)=.021, p=.866, η2=.001), and there were no overall differences between groups
(threshold: F(1,29)=.604, p=.433, η2=.020; RT: F(1,29)=1.219, p=.279, η2=.043). As no
differences were shown between hemifield conditions, the thresholds and reaction times for
these two conditions were grouped together and averaged to constitute the far peripheral
condition. To investigate threshold differences between the deaf and hearing groups, a
mixed factorial ANOVA was conducted with factors of eccentricity (central, far periph-
eral) and group (deaf, hearing). The between subjects test showed no overall difference
within the two groups in threshold (F(1,30)=1.696, p=.203, η2 =.054) or eccentricity
(central vs. far peripheral), F(1,31)=2.101, p=.157, η2 =.063. There was a significant
interaction present between the eccentricity tested and group (F(1,31)=5.779, p=.022,
η2=.157). This indicates a group difference, depending on the eccentricity condition in
question, where deaf individuals moved towards lower thresholds in the central condition,
but the opposite trend is apparent in the peripheral condition, where deaf participants
showed higher thresholds (as seen in Figure 5.3.) As the key aim of this experiment was
to compare the performance of deaf and hearing groups, and the ANOVA showed an in-
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teraction between the eccentricity condition and group, t-tests were conducted to compare
means within each condition. In the central and peripheral visual field conditions there
were no significant differences seen between the groups (Central: t(31)=-1.635, p=.112;
Peripheral: t(31)=-1.253, p=.219; equal variances assumed for both conditions (Central:
F(1,31)=1.112, p=.300; Peripheral: F(1,31)=1.693, p=.203). These results are plotted in
Figure 5.3.
Figure 5.3 – A bar graph which represents global motion discrimination task
thresholds, angular and radial motion conditions averaged, which represent
the percentage of coherently moving dots necessary for response accuracy of
75%. Plotted means of deaf and hearing groups. Error bars represent 1+/-
SEM.
Likewise, to investigate reaction time differences between deaf and hearing participants
within the central and peripheral conditions, a mixed factorial ANOVA was conducted
with factors of eccentricity (central, peripheral) and group (deaf, hearing) (The results
are plotted in Figure 5.4). Firstly, the between subjects test showed no overall difference
between deaf and hearing participants (F(1,31)=1.517, p=.227, η2 =.047). There was
no main effect present for the eccentricity tested (F(1,31)=2.774, p=.106, η2 =.082),
and no interaction between the visual field condition and group (F(1,31)=.220, p=.643,
η2=.007). As the key aim of this experiment was to compare the performance of deaf and
hearing groups, t-tests were conducted to compare the means of the two groups in each
condition. There were no significant differences seen between the groups in the central and
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Figure 5.4 – Global motion discrimination task reaction times, angular and
radial motion conditions averaged, which represent the reaction times neces-
sary for response accuracy of 75%. Plotted means of deaf and hearing groups.
Error bars represent 1+/- SEM.
peripheral visual field conditions (Central: t(31)=.761, p=.452; Peripheral: t(31)=1.454,
p=.156; equal variances assumed for both conditions, Central: F(1,31)=.092, p=.764,
p=.300; Peripheral: F(1,31)=1.738, p=.197).
5.6.2 Summary of Results: Global Motion
It was hypothesised that deaf participants would perform better, with lower thresholds, in
the peripheral motion task; however, the opposite trend was observed. The deaf group had
a tendency towards better thresholds in the central visual field, and worse thresholds in
the peripheral visual field, which was confirmed by a significant interaction between visual
field condition and group. This was however statistically underpowered, and no differences
were seen when the group means in each condition were compared. The deaf participants
seemed to have slightly slower reaction times compared to hearing participants in both
conditions, yet this was not a statistically significant difference.
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5.6.3 Local Motion Detection
To investigate threshold differences between the deaf and hearing groups of the local mo-
tion detection task, a mixed factorial ANOVA was conducted with factors of visual eccen-
tricity (5 ◦,10 ◦,20 ◦,40 ◦) and group (deaf, hearing)(Shown in Figure 5.5). The between sub-
jects test showed no overall difference between the two groups in thresholds (F(1,23)=.559,
p=.462, η2 =.024). As Mauchly’s test of sphericity was significant (W=.114, df=5,
p<.001), a Greenhouse-Geisser correction was applied. There was a main effect of eccen-
tricity (F(1.428, 32.833)=53.210, p<.001, η2 =.698). There was no interaction between
eccentricity and group (F(1.428, 32.833)=.404, p=.602, η2 =.017). As an overall effect
was seen between conditions in all participants, pairwise comparisons showed that there
was no significant difference between the conditions of 5 ◦ and 10 ◦, (p=1.000), and the
main effect was carried by significant differences between 5 ◦ and 20 ◦ (p=.006), 10 ◦ and
20 ◦ (p=.006), 5 ◦ and 40 ◦ (p<.001) as well as 10 ◦ and 40 ◦ (p<.001). As it was hy-
pothesised that deaf individuals would perform better at this task, t-tests were conducted
to compare group means within each eccentricity condition. There were no significant
differences between the deaf and hearing groups in any of the eccentricity conditions
(5 ◦: t(13.60)=1.260, p=.229; 10 ◦: t(24)=1.227, p=.232; 20 ◦: t(16.69)=1.326, p=.203;
40 ◦: t(25)=-.285, p=.778). Equal variances assumed for conditions 10 ◦ and 40 ◦ (10 ◦:
F(1,24)=3.743, p=.065; 40 ◦: F(1,24)=2.357, p=.137). Equal variances were not assumed
for conditions 5 ◦ and 20 ◦ (5 ◦: F(1,25)=6.295, p=.019; 20 ◦: F(1,26)=5.134, p=.032).
These results showed that, irrespective of whether participants were hearing or deaf, higher
speeds were required to detect motion in the periphery.
Reaction time differences between deaf and hearing participants within the four eccen-
tricity conditions were measured with a mixed factorial ANOVA with factors of visual
eccentricity (5 ◦,10 ◦,20 ◦,40 ◦) and group (deaf, hearing)(Shown in Figure 5.6). Firstly,
the between subjects test showed no overall difference between deaf and hearing partic-
ipants (F(1,23)=.674, p=.420, η2 =.028). As Mauchlys test of sphericity was significant
(W=.485, df=5, p=.008), a Greenhouse-Geisser correction was applied. Similar to the
threshold data, there was a significant main effect of eccentricity condition (F(2.004,
46.089)=7.144, p=.002, η2 =.916), but no interaction between eccentricity and group
(F(2.004, 46.089)=.813, p=.450, η2 =.181). As there was a main effect of eccentricity in
all participants, pairwise comparisons revealed that reaction times differed significantly
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Figure 5.5 – A bar graph which represents global motion discrimination task
thresholds, angular and radial motion conditions averaged, which represent
the percentage of coherently moving dots necessary for response accuracy of
75%. Plotted means of deaf and hearing groups. Error bars represent 1+/-
SEM.
Figure 5.6 – Global motion discrimination task reaction times, angular and
radial motion conditions averaged, which represent the reaction times neces-
sary for response accuracy of 75%. Plotted means of deaf and hearing groups.
Error bars represent 1+/- SEM.
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only between the 5 ◦ and 40 ◦ conditions (p=.025), whilst the other paired comparisons
were not significant (5 ◦ and 10 ◦, p=1.00; 5 ◦ and 20 ◦, p=.277; 10 ◦ and 20 ◦, p=.085; 20 ◦
and 40 ◦, p=.400). The mean of the median reaction times of each group were compared
within every eccentricity condition, to examine possible group differences. There were no
significant differences between the deaf and hearing groups in any of the eccentricity condi-
tions (5 ◦: t(25)=.427, p=.673; 10 ◦: t(24)=-.332, p=.743; 20 ◦: t(26)=-.130, p=.898; 40 ◦:
t(25)=-.499, p=.622). Equal variances were assumed for all conditions (5 ◦: F(1,25)=.189,
p=.668; 10 ◦: F(1,24)=2.498, p=.127; 20 ◦: F(1,26)=.186, p=.670; 40 ◦: F(1,25)=.127,
p=.724).
5.6.4 Summary of Results: Local Motion Task
It was hypothesised that deaf individuals would achieve lower speed thresholds than hear-
ing participants within the more eccentric conditions, 20 ◦ and 40 ◦. However, deaf indi-
viduals showed a trend towards higher thresholds in the 5 ◦, 10 ◦ and 20 ◦ eccentricities,
with a more substantial overlap with the hearing group in thresholds in the most eccentric
condition (40 ◦). The thresholds show a trend towards convergence when moving out to
further eccentricities. It was also hypothesised that deaf individuals would show faster
overall reaction times, especially when moving into further eccentricities. Reaction times
show a trend towards being faster in deaf across all eccentricities, but this trend was not
significant.
5.7 Discussion
The present study compared the performance of deaf and hearing individuals in two motion
processing tasks, extracting measures of both perceptual thresholds and reaction times.
The global motion task required participants to discriminate the coherent motion direc-
tion embedded amongst incoherent motion. There was a significant interaction between
the thresholds in each condition and group. Deaf individuals, when compared to hearing,
showed a trend towards better performance, lower thresholds, in the central visual field
condition, compared to the periphery, where their performance showed a trend towards
worse performance. This was an unexpected result, as the study hypothesised that deaf in-
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dividuals would show a higher sensitivity in the periphery, yet the opposite trend emerged.
Reaction times did not differ significantly in either condition; however, also unexpectedly,
the deaf individuals tended to show slower reaction times across both conditions. In the
local motion task, participants were asked to detect motion of slow speeds in apertures
along the horizontal meridian at varying eccentricities. The deaf group showed a trend
towards faster reaction times across all conditions, supporting the hypothesis that the
deaf group would react more quickly. The mean threshold of the deaf group did not differ
significantly compared to hearing individuals, contrary to a study by Shiell et al. (2014)
where deaf and hearing individuals detected motion in moving gratings on the horizontal
meridian, 10 ◦ from fixation in each hemifield, where lower motion detection thresholds
were observed in hearing participants.
Interestingly, the global motion paradigm does not resemble previous tasks used to study
visual processing advantages seen in deaf individuals. It further highlights the specificity
of visual advantages in deaf individuals being tied to local and small changes in motion
rather than a possible increase in the global percept across a wide field of the far-peripheral
motion. For example, Hauthal et al. (2013) showed that deaf individuals are more sensitive
to discriminating small changes in the angle of motion direction, and Codina et al. (2010)
showed a wider field of sensitivity of the periphery with Goldmann perimetry testing, where
participants detect a small visual target which moves from the far-periphery inwards to
central fixation. These studies are similar as they both require the detection of small and
focal changes, in contrast to the global motion task where participants need to extract
the direction of global coherent motion from incoherent motion signals, which need to be
ignored. However, in line with the results reported here, Lomber et al. (2010) also did not
see any performance enhancements in deaf cats in a motion direction discrimination task.
Taken together, it appears that deaf participants show a trend towards a disadvantage in
far-peripheral wide-field global integration of motion. Central global thresholds suggested
a trend towards better performance in deaf compared to hearing participants, which is in
line with previous findings, where motion processing advantages are found in some studies
of visual processing in foveal and perifoveal visual fields of deaf individuals. For example,
faster reactivity in deaf participants has been reported for the detection of visual targets at
eccentricities of 3 ◦ and 8 ◦ (Bottari et al., 2010). Considering the current task, detecting
a target at slow speeds is likely to require a different approach and may employ different
mechanisms compared to the discrimination of coherent global motion direction of dots
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within a 10 ◦ aperture. Some studies come to the conclusion that auditory deprivation
leads to a redistribution of visual attention to the periphery (Dye et al., 2009). Pavani
and Bottari (2012) raise the question of which aspect of selective attention this includes:
endogenous and/or exogenous attention? The tasks employed in the current study do not
introduce any endogenous attentional trade-off effects between visual processing in the
central and peripheral visual field. In local motion detection, participants need to divide
their attention between the left and right hemifield simultaneously whilst in the global
motion discrimination task their attention is spread across a single region containing visual
motion (either central or far peripheral). Global motion direction judgements in the far
periphery are perhaps more difficult to make as attention needs to be distributed across a
large field of moving dots in order to extract a global coherent motion signal within noise,
rather than localised uniform coherent motion information, as in the local task. The
results of the global motion task suggest that deaf individuals may show more interference
from wide-field motion flow fields, leading to lower sensitivity and higher thresholds in the
periphery. On the other hand, within the central condition, thresholds trend towards being
lower, suggesting higher sensitivity in the deaf participants. This finding relates to those
of previous studies, which found visual motion processing advantages for various tasks in
foveal and perifoveal locations (Neville and Lawson 1987; Loke and Song 1991; Bottari et
al., 2010). The deaf participants showed a possible trend towards faster reaction times
in the local motion detection task it is possible that reaction time advantages appear
when deaf individuals need to divide their attention across two or more visual locations
for detection, as in this case. Bottari et al. (2010) observed notably faster responses
in deaf participants in simple visual detection tasks which did not require visuo-spatial
competition. The advantages appeared regardless of where the target appeared, not being
specific to the periphery (Loke and Song, 1991). In the current task, deaf participants
showed a trend towards faster reactions, but they were not met with any indications of
higher sensitivity, as thresholds appear slightly higher or the same (at 40 ◦) compared
to the hearing group. Both the reaction times and thresholds for the local motion task
show a wide spread across participants, making it quite difficult to identify any differences
between the groups tested (see appendix A.3).
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5.7.1 Comparison of Hemifields
The current study did not detect any hemifield differences in the global motion task.
Many studies argue that hearing loss can result in performance lateralisations, where ad-
vantages can be specific to either the left or right hemifield. For example, deaf participants
performed faster when localising motion in the left, and not right hemifield (Hauthal et
al., 2013). In contrast, deaf individuals have also shown faster reactivity in the right vi-
sual field, for example when discriminating motion direction in stimuli extending to 15 ◦
(Finney and Dobkins, 2001), and in other motion processing tasks (Bosworth Dobkins,
1999, 2002; Brozinsky & Bavelier, 2004; Neville Lawson, 1987). Studies aiming to explain
these effects have found that enhanced processing in the left hemisphere (and right visual
field) are tied to the use of sign-language (Bosworth and Dobkins, 2002b, Cardin et al.
2013). Lateralisation effects also appear to depend on the task at hand, as not all studies
find visual processing enhancements to be lateralised. Specific visual tasks may be medi-
ated by sign-language experience. In light of the current findings, this may not be the case
when extracting coherent over incoherent motion in a wide field of motion extending to
the far-periphery. Lateralisation might therefore only be tied to specific motion tasks, and
the results presented here provide evidence of no processing lateralisation in either deaf or
hearing individuals within the global motion processing task (see Appendix A.2). Previous
studies often focus only on perceptual threshold measures or reaction times. The current
study, however, measured both. Preceding studies show faster responses by deaf individ-
uals in both central and near peripheral tasks (Bottari et al., 2011; Bottari et al., 2010).
The current study shows a trend towards faster reactivity in the local motion detection
task in line with previous studies investigating focal changes in target location and motion
(Hauthal et al., 2013; Lomber et al., 2010; Bottari et al., 2010). The global motion task
however highlights different aspects of motion processing, where deaf individuals show a
trend towards a disadvantage, in the form of slower reaction times in both central and
far-peripheral global motion processing. Considering thresholds alongside reaction times
is of interest, as better perceptual thresholds do not imply faster reaction times. Indeed,
deaf individuals tended to show slower reaction times in all global motion conditions, yet
their central visual field thresholds were better, and peripheral threshold worse, when
compared to hearing participants. This suggests that there is no speed/accuracy trade off
as reaction times show the same result across conditions, but thresholds do not. This also
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implies higher sensitivity to motion, but no faster reactivity of deaf individuals. The local
motion task performance shows the reverse, where deaf individuals show an overall trend
towards faster reaction times, but worse thresholds. These results could suggest that deaf
individuals are either less sensitive to local motion detection, or show a trend in faster
reactivity, at a cost of worse thresholds, compared to hearing individuals.
5.7.2 Limitations
In both tasks, participants were instructed to keep their gaze on the central fixation cross.
In the local motion paradigm, they had to monitor two apertures in the left and right
hemifield, and the global task required them to attend to either left, right or central visual
field. The study did not employ any objective assessments of eye movements, and cannot
completely exclude possible confounds created by gaze shifts during testing. Participants
were given clear instructions to keep their gaze on the fixation cross at all times how-
ever, and the experimenter was present during practise trials to ensure the participant
understood these instructions. Overall, both tasks would benefit from larger sample size
to increase statistical power allowing the study to identify significant differences in perfor-
mance between deaf and hearing participant groups. The local motion paradigm extended
past experiments by extending to 40 ◦, however further investigations could explore effects
beyond 40 ◦ eccentricities as well, to find out if deaf individuals would show better percep-
tual thresholds. Previous work shows that visual advantages are most prominent at 60 ◦
and beyond (Codina et al., 2016). A possible manipulation could include one where the
stimulus apertures are presented in each hemifield along the horizontal meridian but with
a larger field of view, or alternatively, the apertures could be positioned within the same
hemifield, above and below the horizontal meridian. The expected results of these exper-
iments would show faster reaction times in further eccentricities of deaf individuals, met
with better thresholds, in line with findings of higher sensitivity (Buckley et al., 2010) and
faster reactivity (Codina et al., 2016) in the far-periphery. Considering both tasks used
in this study, one can ask which situation is more ecologically valid, and would provide a
benefit to deaf individuals. It is possible that the division of attention is crucial, where
visual targets are competing, and being able to monitor central and peripheral visual fields
equally results in a benefit in the form of faster reactivity regardless of the target loca-
tion in the visual field. In the case of Goldmann perimetry tests (Buckley et al., 2010),
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attention is distributed equally across the whole visual field, and participants know that
the target will appear in either the near or far periphery, at any cardinal location within
the visual field. Whilst the stimuli in the aforementioned behavioural studies used very
focal localised motion detection paradigms, the wide-field optic flow motion spreads over
a very wide extent of the visual field, where it is not a matter of detection but the ex-
traction of coherent motion from a global percept. It is possible that far-peripheral visual
field advantages observed in deaf individuals are specific to local detection, and divided
attention, rather than global motion processing, where attention is widespread.
5.7.3 Summary
The results of this study show that deaf individuals move towards trends of slower reaction
times in global motion discrimination, but faster reaction times in local motion detection.
More localised motion detection tasks seem to be met with enhanced visual perception in
deaf participants, in the form of faster reactivity. Enhanced reaction time is seen when de-
tection judgements are performed, however extracting motion from global fields of coherent
and incoherent motion seems more taxing for deaf individuals. This would suggest that
these advantages can be more specific to more focal and detailed changes at all eccentrici-
ties, as seen in local motion and central global motion tasks, rather than peripheral global
motion processing. The effects are not likely based on preferential allocation of attention
to the periphery. However, in the global motion task, results showed the same reaction
time patterns in eccentricity tasks, but a clear dissociation between the central and pe-
ripheral thresholds. Therefore, attention needs to be equally spread across all locations of
the visual field. Along the results discussed, it would appear that deaf individuals might
be better at detecting smaller changes within the periphery, and be better at extracting
motion signals from noise in the central visual field.
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Chapter 6
Neural correlates of motion
perception in deaf and hearing
adults
6.1 Overview
This chapter investigates links between brain and behaviour, exploring neural substrates
of visual motion processing differences between deaf and hearing individuals. Numer-
ous studies identify either behavioural or neural differences in deaf individuals, when
compared to hearing, but only a select few attempt to relate functional and structural
measures with behavioural advantages. This chapter begins with a general overview of
the literature which describes previous investigations of neural substrates of perceptual
advantages apparent in the deaf population. Structural measures and neural responses
are then correlated with two psychophysical motion processing tasks, all described in the
previous chapters. The first part of this chapter describes correlations between structural
V1 measures and motion processing performance in global and local motion tasks. The
second part includes functional measures of BOLD activation to optic flow motion in visual
and auditory brain regions, and correlates this with visual motion task performance.
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6.2 General Background
Investigations of neural substrates of heightened visual sensitivity in deafness using animal
models have been highly successful, such as those involving congenitally deaf cats (Lomber
et al., 2010). The researchers found that deaf cats were better at certain visual tasks, and
found a correlation between auditory regions and visual motion detection and the detection
of targets in the periphery. When the dorsal zone (DZ) and posterior anterior field (PAF)
of cat auditory cortex were selectively disabled, visual performance advantages in respec-
tive tasks were erased and the deaf cats performed just as poorly as their hearing controls.
This evidence shows clear causality between sensory deprivation, leading to cross-modal
plasticity and the identification of neural substrates underlying heightened visual motion
processing sensitivity. Few neuroimaging studies of deaf humans have attempted to relate
structural and functional measures to behavioural performance outcomes on visual tasks,
and not many provide strong or conclusive results. A large number of human neuroimag-
ing studies demonstrated that the absence of hearing from an early age can cause the brain
to reorganise visual processing resources (Neville and Lawson, 1987; Finney et al., 2003;
Bavelier et al., 2001; Fine et al., 2005; Hauthal et al., 2013; Scott et al., 2014). However,
in these studies no measures of behavioural differences between the two groups were taken.
This makes it impossible to state whether these neural differences are directly related to
advantages or disadvantages in visual processing. Whilst numerous behavioural studies
are able to detect advantages in deaf individuals visual processing abilities (Hauthal et
al., 2014; Bottari et al., 2010; Loke and Song 1991), they can only speculate as to the
neural substrates which facilitate the observed heightened visual sensitivity. The aim of
this chapter is to bridge this gap by relating the observed structural and functional neural
differences with behavioural performance, as only a select few studies have attempted this.
An example of a study which did so successfully (Bottari et al., 2011) measured event-
related brain potentials in deaf individuals when performing a speeded visual detection
task. Deaf participants responded faster than hearing individuals, and behavioural ad-
vantages were related to early visual cortical responses; N1 peak amplitudes were linearly
related with the reactivity in both deaf and hearing individuals, whilst only in deaf indi-
viduals did the reaction time decrease linearly relative to the P1 peak amplitude. More
recent examples include structural measures of auditory cortex and their correlation with
visual motion detection. Shiell and Zatorre (2016), including only deaf participants, found
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that measures of fractional anisotropy, radial diffusivity and mean diffusivity within the
right Planum Temporale (PT) were correlated with visual motion detection thresholds.
Both studies provide compelling evidence of possible neural substrates. A further step to
take in inferring which neural regions facilitate behaviour would be to closer match the
behavioural tasks with the stimuli used to evoke neural activation. A good example of
relating structural measures to behavioural advantages seen in deaf individuals included
structural measures of the retina, specifically peripheral neural projections which were
correlated with peripheral visual field sensitivity (Codina et al., 2010). Inspired by this,
the current study matched the section of visual field stimulated within the neuroimaging
procedures and behavioural tasks. This achieves a closer match between the stimulus
used to evoke activity in regions of interest in the brain, and the behavioural tasks used
to measure perceptual advantages in motion processing. By correlating behavioural and
neural measures, this study aimed to establish whether neural measures of structure and
neural activation show a relation to behavioural performance in the motion processing
tasks described in the previous chapter. As described in Chapter 3, a significant difference
between deaf and hearing individuals was observed in the amount of cortical surface area
dedicated to far-peripheral and central processing. This structural measure was there-
fore used to investigate whether this difference between deaf and hearing is related to
task performance. Furthermore, although not all measures showed differences between
deaf and hearing individuals, seeing the relationship between neural and behavioural mea-
sures can elucidate the spread of results on a spectrum, rather than comparing these in
a category-constrained manner. The wide-field optic flow motion stimuli presented in the
fMRI paradigm were closely matched to the global motion behavioural task designed to
target motion processing regions of the brain within V5/MT+ and V6. The local motion
detection task was carried out at various eccentricities. As V1 was divided into 3 regions,
corresponding to different visual field representations, it was possible to relate visual field
stimulated and the corresponding neural representations of visual regions in V1. Both
motion tasks were correlated with measures extracted from auditory cortical regions, to
investigate the influence of cross-modal plasticity upon motion perception performance.
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6.3 Part 1: Structural Measures
Is surface area in V1 related to task performance in the corresponding visual
field?
Previous fMRI studies have been able to relate cortical measures of V1 to individual per-
ceptual performance in normal hearing participants. Several studies compared the cortical
magnification function in V1, which represents the relative proportion of cortex dedicated
to processing a section of the visual field as a function of eccentricity. One such study in-
cluded the Ebbinghaus illusion of relative size misperception, where the larger the central
cortical surface area measures of V1 were, the weaker the strength of perceived illusion
was (Schwarzkopf and Rees, 2013). Another study extracted the linear cortical magnifica-
tion factor in V1 and showed a relationship to individual Vernier acuity thresholds across
individual participants. Performance in the acuity task increased as the cortical magnifica-
tion factor increased, suggesting a direct relationship between visual field representations
and visual perception thresholds (Duncan and Boynton, 2003). These studies suggest a
direct relation between structural measures of V1 and perceptual differences. Relating
behavioural performance with structural measures provides a good starting point in infer-
ring a relationship between brain and behaviour. In an fMRI experiment, Smittenaar et
al. (2016) measured V1 with wide-field (37.5 ◦) population receptive field (pRF) mapping
in deaf and hearing participants. The study reported that deaf adults have larger pRF
sizes and thinner cortex within the peripheral representation of V1. Furthermore, the
study correlated these visual acuity measures in three eccentricity conditions, and found
that deaf individuals were significantly better than hearing within the peripheral condi-
tion (20 ◦). This result did not correlate with the peripheral differences found in V1. In
contrast, the acuity results of all participants within the 10 ◦ condition did correlate with
cortical thickness measures. Another study which divided structural measures based on
the section of the visual field represented was carried out by Codina et al. (2011). The
researchers investigated the retina of deaf and hearing individuals using optic coherence to-
mography (OCT). Portions of the retinal nerve fibre layer (RNFL) containing projections
from the peripheral retina were significantly thicker in deaf participants (Codina et al.,
2011). The RNFL thickness within both hearing and deaf participants correlated directly
with behavioural measures of peripheral visual field sensitivity in both the far-peripheral
(60 ◦) and near-peripheral (30 ◦) conditions. These studies both provide evidence of early-
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visual structural differences of the retina relating to visual processing advantages specific
to the near and far-peripheral visual field. In a similar fashion, the aim of the current
comparisons were to match structural measures from representations in primary visual
cortex with the corresponding parts of visual field involved in the motion tasks. Both
global and local motion tasks were correlated with V1 measures.
6.3.1 Global Motion Discrimination
It was hypothesised that better performance in the peripheral global motion discrimination
condition would be facilitated by a larger V1 surface area representing the far-periphery.
Faster reaction times and lower thresholds would be expected in line with a larger pe-
ripheral visual field representation. Likewise, larger central visual field representations
in V1 were expected to coincide with faster reaction time and lower thresholds in the
central global motion discrimination task. This comparison used measures of the central
global motion discrimination condition, which included motion in an aperture 5 ◦ in ra-
dius around fixation. The performance of each subject in this condition was correlated
with their central structural surface area of V1, encapsulating 0-15 ◦. The peripheral
global motion condition, which included motion between 40 ◦- 89 ◦, was correlated with
the far-peripheral region of V1 covering 40 ◦-72 ◦. Nine hearing and twelve deaf individu-
als completed these experiments, and all and were included in these comparisons. As no
significant differences were seen between the deaf and hearing participants within the be-
havioural thresholds or reaction times in the above mentioned conditions, all participants
were included in the same group in these tests. The correlations can be seen in Figure
6.1. The comparison between the V1 far-peripheral (40-72 ◦) visual field representation
and far-peripheral global motion discrimination were not significantly correlated for either
threshold (r= -.108, p=.642, n=21) or reaction time (r= .373, p=.096, n=21). Likewise,
there was no correlation between the central visual field representation (0-15 ◦) of V1 and
central global motion central threshold (r=.114, p=.624, n=21) or reaction time (r= -.101,
p=.664, n=21). These results suggest that the size of cortical surface area representing the
visual field corresponding to the visual field location of the global motion discrimination
task does not directly facilitate behavioural outcomes of motion discrimination thresholds
or faster reaction times.
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Figure 6.1 – Global motion performance correlated with V1 surface area.
The top figures show V1 central representation correlations with central global
motion performance, and the bottom two figures show the correlation of the
peripheral V1 surface area with peripheral global motion performance, thresh-
old (on the left) and the mean of the median reaction times (on the right) for
both pairs. The global thresholds and reaction times were averaged across the
left and right peripheral conditions in each participant. In all graphs, each
point represents an individual participant (black= hearing, grey= deaf)
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6.3.2 Local Motion Detection
The global motion task involves the integration of motion over a wider field, in comparison
to previous motion detection measures which show advantages in deaf individuals, such
as visual acuity (Smittenaar et al., 2016) or Golmann perimetry (Buckley et al., 2010)
where further eccentricities are involved. Direction discrimination is a motion computa-
tion performed within motion area V5/MT+, rather than in V1 (Heeger et al., 1999).
Neurones selective for direction discrimination of motion in this area have been identified
in a number of electro-physiological studies (Bartels et al., 2008; Maunsell and Newsome,
1987). Therefore, a second task involving more localised detection of motion was employed
in the current investigations. It was hypothesised that larger peripheral, mid-peripheral
and central surface area in V1 representations would facilitate better behavioural per-
formance, lower thresholds and faster reaction times, within the local motion detection
task located in the corresponding region of the visual field. Here, the measures compared
included the local motion task, namely: behavioural outcomes from the 5 ◦ and 10 ◦ con-
ditions which were compared with the central visual field representation, the performance
in the 20 ◦ condition with the mid-peripheral V1 division, and the 40 ◦ condition with
the far-peripheral V1 region. Seven hearing and eleven deaf individuals completed these
tasks and were included in these comparisons. These results can be seen in Figure 6.2.
The thresholds and reaction times for the 5 ◦ and 10 ◦ eccentricity conditions were not
significantly different from each other (see Chapter 5, section 5.6.3) and were averaged to
make these measures better matched with the central visual field region defined (0-15 ◦).
As no significant differences were seen between the deaf and hearing participants within
the behavioural thresholds or reaction times in the above mentioned conditions, all par-
ticipants were included in the same group in these tests. No significant correlation was
found between the central visual field representation of V1 with threshold (r=.053, p=.830,
n=19) or reaction time (r=-.160, p=.513, n=19). The mid-peripheral (15-40 ◦) visual field
representation did not correlate with the 20 ◦ local motion detection thresholds (r=.267,
p=.270, n=19) or reaction times (r=.177, p=.469 n=19). Finally, the surface area of the
far-peripheral (40-72 ◦) representation of V1 was not significantly correlated with the 40 ◦
local motion detection threshold (r=.174 p=.489, n=18) or reaction time (r=.225, p=.369
n=18).
125
Chapter 6: Neural correlates of motion perception in deaf and hearing adults
Figure 6.2 – Local motion performance correlated with V1 sub-ROI surface
area. The top figures show V1 central representation correlations with central
local motion performance, the middle figures the mid-peripheral representation
of V1 with the mid-peripheral local motion condition, and the bottom two
figures show the correlation of the peripheral V1 surface area with peripheral
local motion performance. Thresholds are given on the left and the mean of the
median reaction times are givenon the right for all three pairs. In all graphs,
each point represents an individual participant (black= hearing, grey= deaf)
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6.3.3 Discussion of Structural Measures and Motion Processing
The cortical surface areas of respective visual field representations do not directly relate to
behavioural outcomes in the global motion discrimination or local motion detection tasks.
It is known that primary visual area V1 is not a region specialised in motion processing,
but does relay the signal on to motion processing areas. It is possible that in the case
of the local motion detection results in the current study, and previous studies of Vernier
acuity (Duncan and Boynton, 2003) or strength of visual illusions (Schwarzkopf and Rees,
2013), the cortical representation does influence perception, as stimuli are static and the
resolution provided by a larger cortical representation had an effect here. In light of the
local motion detection task, even though the displacement of the stimuli was very small,
the task may rely more on motion processing signals which are compiled further down
the visual stream. Here, magnification differences may not play a crucial part. Global
motion discrimination on the other hand contains large fields of motion, and relies on
different motion processing mechanisms. These mechanisms are more in line with neuronal
properties seen in motion area V5/MT+, such as its sensitivity to motion direction (Heeger
et al., 1999). Therefore, it is possible that it is the processing of relayed information
further downstream which leads to behavioural differences, and possible correlates of visual
motion performance. Larger emphasis of the periphery does not necessarily indicate faster
processing or heightened sensitivity. Smittenaar et al. (2016) found larger pRF sizes in
deaf participants within the extent of V1 they tested (37.5 ◦), and suggested that these
might show a greater overlap and lead to better performance in acuity measures. The
study also discusses that smaller pRF sizes would demand larger cortical surface, but did
not believe this to be the case in their data. Considering the present study, it is possible
that pRF size does not increase as rapidly in deaf as it might in hearing individuals as one
progresses into the periphery, and this is why the cortical surface area representing the far-
periphery in deaf individuals is larger (as seen in Chapter 3). Receptive field sizes are too
small in early visual areas to incorporate longer-range interactions between stimuli, such
as those needed to integrate across the larger regions of dot motion required in the global
motion tasks. Receptive fields in early visual areas are smaller than those seen further
down the visual stream, and increase in size with eccentricity (Harvey and Dumoulin, 2011;
Amano et al., 2009; Dumoulin and Wandell, 2008) (see Figure 6.3), which would suggest
that possible substrates of visual motion processing are facilitated by extrastriate regions
127
Chapter 6: Neural correlates of motion perception in deaf and hearing adults
such as V5/MT+ (Pascual-Leone and Walsh, 2001). These later regions are characterised
by larger receptive-field sizes, where subregion TO-1/MT in non-human primates contains
a very large proportion of direction selective neurons (Ungerleider and Desimone, 1986).
Primate area TO-2/MST shows much larger receptive fields than those seen in area TO-
1/MT, which it receives signals from. In addition, the local motion task did not extend
further than 40 ◦. The motion task requiring participants to detect if motion was present
in the right or left hemifield aperture was constrained by screen size, such that the extent
of the visual stimulus was limited to 40 ◦ in each hemifield. The difference in surface area
between hearing and deaf participants was, however, at its largest beyond 40 ◦ (Chapter
3). This also corresponds to previous literature, where the greatest differences in motion
sensitivity have been found at further eccentricities (Buckley et al., 2010; Lomber et
al., 2010). Future investigations could incorporate conditions extending beyond those
eccentricities tested here.
Figure 6.3 – A graph from Amano et al 2009 showing averaged pRF sizes
as a function of eccentricity for the visual field maps identified in their study.
The pRF size increase from V1/2/3 to LO-1/2 and TO-1/2 (MT/MST). In
each visual area, pRF size increases linearly with eccentricity.
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6.4 Part 2: Functional Measures and Behaviour
Are responses in visual motion processing regions related to motion processing
task performance?
Bavelier et al. (2001) found a higher extent of activation within motion area V5/MT+
in deaf individuals, but could only speculate on whether it provides the neural substrate
behind heightened visual motion processing advantages observed in behavioural studies
(Stevens and Neville, 2006; Buckley et al., 2010; Hauthal et al., 2013b; Shiell et al.,
2014). No previous studies have made direct comparisons between the modulation of the
visual motion area V5/MT+ and visual motion performance measures in deaf individuals.
The aim of the present comparisons was therefore to investigate the relation between
cortical activation to wide-field optic flow motion (72 ◦) and a closely matched wide-field
motion discrimination task. Additionally, no previous studies have investigated activation
of motion area V6 in relation to visual motion performance. This region is of particular
interest in the current study, as it shows a large peripheral visual field emphasis, and is
particularly active during ego-centric optic flow motion (Cardin and Smith 2011; Smith
et al., 2006; Pitzalis et al., 2006; Galleti et al., 1999). Thus the global motion processing
task was specifically designed to target area V6, and V5/MT+. Activation of V5/MT+
was compared with central and peripheral motion processing performance, as the area
encapsulates sub-regions which are functionally distinct and process central, as well as
peripheral motion. V6 activation was only compared to peripheral global motion task
performance, as the area shows a less magnified representation of the central visual field
and a large peripheral emphasis compared to earlier visual areas (Pitzalis et al., 2006),
Here, there were no predictions as to its specific involvement in possible advantages in
central global motion processing in deaf individuals.
6.4.1 Global Motion Discrimination
In line with the outlined literature, this study hypothesised that neural responses in motion
processing visual regions V5/MT+ and V6 could serve as correlate in global motion task
performance. It was hypothesised that higher responses in these cortical regions would be
negatively correlated with lower motion detection discrimination thresholds and shorter
reaction times. Twenty-one hearing and twelve deaf individuals were included in these
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comparisons, and signals in V5/MT+ and V6 represent the percent signal change in the
BOLD response to a whole field coherent optic flow motion stimulus. Signals seen in
V5/MT+ were averaged across hemispheres and hemifield conditions as there were no
significant differences seen between them, as can be seen in Chapter 4. V6 activation
was extracted across contralateral coherent motion activation, and averaged, as previous
studies show that V6 displays a full contralateral hemifield representation (Pitzalis et
al., 2006). Behavioural measures of reaction time and threshold in the global motion
task were collapsed across hemifield conditions as no significant differences were seen
between these (see Chapter 5). As no significant differences were seen between the deaf
and hearing participants within the behavioural thresholds or reaction times in the global
motion discrimination task, all participants were included in the same group in these tests.
The results for V5/MT+ are displayed in Figure 6.4. V5/MT+ activation to wide-field
optic flow motion stimuli did not correlate significantly with thresholds within the central
global motion discrimination task (r = -.041, p=.822, n=33). Furthermore, there was no
significant correlation found with the reaction times (r= -.302, p= .087, n=33), although
trends are in the expected direction (higher V5 activation is associated with faster reaction
times). Neural activation of V5/MT+ to wide-field optic flow motion stimuli did not show
any significant correlations with peripheral global motion thresholds either, as can be seen
in Figure 6.4 (r=-.242, p=.175, n=33) the neural responses did not correlate significantly
with reaction times either (r=-.206, p=.251, n=33), although trends are in the expected
direction (higher V5/MT+ activation is associated with lower thresholds). The results for
V6 are portrayed in Figure 6.5. Correlations of V6 modulation by wide-field optic flow
motion stimuli did not yield any significant correlations with the peripheral global motion
thresholds (r=-.036, p=.843, n=33) or reaction times (r=-.007, p=.968 n=33). The results
do not indicate any significant relations between the recruitment of motion area V5/MT+
and observed task performance in global motion discrimination within the far-periphery
and central visual field. The same was apparent in V6 activation, which did not show any
facilitation in relation to peripheral global motion performance.
6.4.2 Discussion: Global Motion and Visual Motion Areas
No significant correlations were observed between visual motion areas V5/MT+ and V6
with measures of global motion performance. However, there is a possible trend within the
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Figure 6.4 – The top figures show neural activation in V5/MT+ against cen-
tral global motion performance, and the bottom two figures show the correla-
tion neural activation in V5/MT+ with peripheral global motion performance.
Thresholds are shown on the left and the mean of the median reaction times
are shown on the right for both pairs. Activation in V5/MT+ was averaged
across hemispheres and hemifield runs. The global thresholds are averaged
across left and right peripheral conditions in each participant. In all graphs,
each point represents an individual participant (black= hearing, grey= deaf).
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Figure 6.5 – Contralateral activation to coherent motion in V6 is averaged
across hemispheres. The global thresholds and reaction times were averaged
across the left and right peripheral conditions in each participant. The graphs
show the neural activation in V6 against peripheral global motion performance.
Thresholds are given on the left and the mean of the median reaction times
(on the right). In all graphs, each point represents an individual participant
(black= hearing, grey= deaf).
correlation of central global motion reaction times and the activation seen in V5/MT+.
The broad definition of V5/MT+ includes MT, MST, and FST (Kolster et al., 2010), and
in humans, MT and MST are identified as subdivisions TO-1 and TO-2 (Huk et al., 2002;
Amano et al., 2009). These regions show functional differences, and the responses included
here are averaged over the extent of all three sub-regions. Motion processing models sug-
gest that motion perception is led by the relative difference between neural responses of
neurones with different direction preferences (Simoncelli et al., 1998). Neuroimaging ev-
idence from fMRI does show direction-selective interactions in area V5/MT+ to motion
opponency (Heeger et al., 1999). The trend seen in the current data may suggest that
greater activation of V5/MT+ is related to faster judgements of motion direction, where
the average activation is driven by stronger responses of neurones tuned to the direction of
the observed coherent motion. It is possible that TO-2 could be more involved in integrat-
ing global motion, as it has larger receptive fields (Amano et al., 2009) as required by the
peripheral global motion task. However, responses from the multiple functional regions
MT/TO-1, MST/TO-2 and possibly FST (as found in non-human primates, Ungerleider
& Desimone, 1986) making up the V5/MT+ area could cancel out at the spatial resolution
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possible with fMRI, or there may be an interaction of regions where one is responsible for
suppressing irrelevant motion signals, whilst others extract relevant ones. However, as this
study extracts activation averaged across a broad selection of V5/MT+, it is difficult to
dissociate which subregions of V5/MT+ are involved in the activation seen in the current
results. More focal ROI localisers would be needed to dissociate the involvement of each
sub-region of V5/MT+ to potentially assess how the activation in these subregions is re-
lated to task performance (e.g. Kolster et al., 2010). Even though V6 possesses a large
peripheral emphasis and is activated by wide-field optic flow motion (eg. Pitzalis et al.,
2006; Cardin et al, 2012, also see Chapter 4), it does not seem to mediate task performance
in the global motion discrimination task examined here. Therefore, even though V6 does
not appear to be involved in the heightened sensitivity observed in deaf individuals, at
least as measured here, it is a visual region and could possibly facilitate other behavioural
advantages requiring a wide peripheral representation, which have not been explored in
this study. Some studies indicate that V6 is involved in segregating visual objects out of
moving backgrounds and the processing ego-centric motion (Pitzalis et al., 2013). Further-
more, V6A is a visual area adjacent to area V6 (Galletti et al., 1999) and it contains cells
displaying reach-related activity (Fattori et al., 2009b). As a non-human primate study
of grasping movements made in darkness found, V6A is engaged in the online control of
reach-to-grasp movements and subtracting motion occurring within reachable distances
from more global motion (Fattori et al. 2009). So, even though the area has strong pe-
ripheral representations, it is possibly not involved in heightened behavioural perception
within tasks such as far-peripheral motion discrimination as investigated here, or tasks
seen in previous literature (Buckley et al., 2010). If V6 was served as a neural substrate of
peripheral motion processing, it would likely involve tasks within which deaf individuals
might be better at extrapolating a target within motion fields. von Pfo¨stl et al. (2009)
investigated responses recorded using magnetoencephalography (MEG), where their data
suggests a connection between V1 and V6, as the latency of response in V6 was not sig-
nificantly different from V1. It is possible that V6 supplies signals to the medial dorsal
stream, and is involved in the processing of visual motion in line with visually guided
actions.
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Are responses in cross-modal motion processing regions of auditory cortex
related to motion processing task performance?
Cross-modal plasticity and the recruitment of auditory regions in heightened visual motion
processing has been shown in congenitally deaf cats (Lomber et al., 2010, Meredith et al.,
2011). In deaf humans, multiple regions in auditory cortex are active during peripheral
visual perception, and the processing of tactile stimuli, suggesting crossmodal recruitment
(Fine et al., 2005; Bavelier et al., 2006; Finney et al., 2001; Levanen et al., 1998; Scott et
al., 2014). However, possible perceptual advantages facilitated by cross-modal activation
are not clear, as there are only a handful of studies which attempt to relate the structure
and recruitment of auditory cortex to perceptual advantages. Shiell, Champoux and
Zatorre (2015) found cortical thickness of the right planum temporale (PT) was greater
in deaf participants with better visual motion detection thresholds. Another example was
Shiell and Zatorre (2016), who found that higher diffusivity in the right PT correlated
with worse thresholds, while higher fractional anisotropy correlated with lower motion
detection thresholds in deaf individuals. An fMRI study investigated brain responses
in deaf and hearing individuals to global motion and form-from motion. Here, higher
response amplitudes were seen in the deaf group within secondary auditory regions when
compared to hearing participants (Vachon et al., 2013). Another recent fMRI experiment
investigating cortical reorganisation included deaf and hearing human participants who
were presented with temporally complex sequences of stimuli in the form of visual and
auditory rhythms. Deaf and hearing participants carried out the task in the central visual
field, while the hearing group also carried out the task in the auditory modality. The
posterior lateral part of higher-level auditory cortex was active when deaf participants
performed the task visually, and when hearing participants performed it aurally. The
study suggests that the task specific function is preserved in auditory cortex, but the
input-modality processed has been changed based on the available senses (Bola et al.,
2016). This evidence outlines the involvement of auditory cortex in visual processing,
however, no studies have investigated subregions of auditory cortex to understand which
show the highest levels of plasticity and involvement in supporting advantages in motion
perception. Using three subdivisions within auditory cortex, used across the literature,
and relating activity within these regions to two different motion perception tasks, the
current study was designed to elucidate which aspects of motion processing are facilitated
by cross-modal recruitment.
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6.4.3 Global Motion Discrimination
As outlined above, studies which have looked at cross-modal plasticity in deaf individu-
als indicate that auditory regions are recruited for visual motion processing. This study
hypothesised that higher neural responses in auditory regions of deaf individuals would
correlate with better peripheral thresholds as well as faster reaction times within the pe-
ripheral motion tasks. There were no significant differences between deaf and hearing
individuals in the visual motion tasks presented in Chapter 5. Here, all participants were
included in these correlations to compare individuals on a spectrum. Stronger suppression
in hearing individuals could be met with better visual performance, whilst in deaf, stronger
activation could indicate cross-modal plasticity and facilitation of visual motion perfor-
mance. Both global motion discrimination and local motion detection in the central and
peripheral visual field extent were compared with auditory activation. As no significant
differences were seen between the deaf and hearing participants within the behavioural
thresholds or reaction times in the global motion discrimination task conditions, all par-
ticipants were included in the same group. Responses within the previously described
regions of auditory cortex (Chapter 4), the Planum Temporale, Heschls Gyrus and area
Te1.2, were correlated with reaction times and thresholds of both motion tasks. Twenty-
one hearing and twelve deaf individuals were included in these comparisons, and signals in
auditory regions represent the percent signal change in the BOLD response. The signals
consisted of the averages across hemifield runs and hemispheres to provide a neural mea-
sure for optic-flow motion across the whole visual field. Many comparisons were made,
and the reported statistical values for the following correlations are uncorrected for multi-
ple comparisons. The central global motion discrimination thresholds was not significantly
correlated, however possibly trending towards a negative correlation with neural responses
in area PT (r=-.357, p=.042). The peripheral global motion threshold of all participants
showed a possible trend towards a positive correlation with neural responses in area Te1.2
(p=.010). These results can be seen in Figure 6.6. No other responses in any auditory
region showed any possible trends with either threshold or reaction time measures within
the central or peripheral global motion discrimination task (see Table 6.1). The trend
seen in the results suggests that the higher the activation in area PT, the lower the central
thresholds are. Region Te1.2 on the other hand, suggests that the more suppressed the
signal is here, the better the perceptual threshold is in the peripheral task.
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Figure 6.6 – The global thresholds were averaged across the left and right
peripheral conditions in each participant. The graphs show the neural acti-
vation in the PT and Te1.2 against peripheral global motion performance. In
all graphs, each point represents an individual participant (black= hearing,
grey= deaf).
Table 6.1 – Pearsons correlation results between auditory regions and global
motion discrimination thresholds and reaction times. Note that none of the
results are significant, as the tests are not corrected for multiple comparisons.
Thresholds Global Central (n=33) Global Peripheral (n=33)
Planum Temporale R=-.357, p=.042 R=.044, p=.806
Heschl’s Gyrus R=-0.253, p=.155 R=.261, p=.142
Te1.2 R=-.223, p=.213 R=.440, p=.010
Reaction Times Global Central (n=33) Global Peripheral (n=33)
Planum Temporale R=.101, p=.575 R=.144, p=.425
Heschl’s Gyrus R=-.002, p=.992 R=.178, p=.323
Te1.2 R=-.056, p=.759 R=.108, p=.550
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Table 6.2 – Pearsons correlation results between auditory regions and local
motion discrimination thresholds and reaction times. Note that none of the
results are significant, as the tests are not corrected for multiple comparisons.
Thresholds Local Central 5-10 (n=28) Local 20 (n=28) Local 40 (n=27)
Planum Temporale R=.049, p=.806 R=.157, p=.425 R=-.207, p=.301
Heschl’s Gyrus R=.328, p=.088 R=.386, p=.043 R=-.086, p=.670
Te1.2 R=.205, p=.295 R=.319, p=.098 R=-.079, p=.694
Reaction Times Local Central 5-10 (n=28) Local 20 (n=28) Local 40 (n=27)
Planum Temporale R=.135, p=.493 R=.168, p=.392 R=-.241, p=.225
Heschl’s Gyrus R=-.037, p=.851 R=-.043, p=.829 R=-.332,p=.090
Te1.2 R=.010, p=.961 R=-.068, p=.723 R=-.138, p=.493
6.4.4 Local Motion Detection
Correlation with the local motion detection task included 16 hearing and 12 deaf par-
ticipants. The neural responses to coherent motion within Heschl’s Gyrus were averaged
across hemispheres in each participant. Many comparisons were made, and none of the
reported correlations survived corrections for multiple comparisons. The data showed a
possible trend towards a positive correlation between HG activation and the 20 ◦ eccentric-
ity condition thresholds (r=.386, p=.043, n=28, see Figure 6.7). There were no significant
correlations, or trends towards these seen between neural responses of any auditory re-
gion with thresholds or reaction times with the local motion detection conditions (Table
6.2). The data suggest that the more Heschl’s Gyrus is suppressed, the better participants
perform in the local motion 20 ◦ task.
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Figure 6.7 – The local motion threshold was averaged across runs in each
participant. The graphs show the neural activation in HG against local motion
performance. In all graphs, each point represents an individual participant
(black= hearing, grey= deaf).
6.4.5 Discussion: Global and Local Motion and Auditory Areas
To summarise, the task performance showed possible trends with auditory regions, where
stronger suppression of area Te1.2 could be related to lower peripheral global motion
thresholds, and stronger suppression in HG could influence higher sensitivity (lower thresh-
olds) in the local motion 20 ◦ condition. In contrast, the recruitment in PT showed a trend
in promoting better thresholds in the central visual field for global motion discrimination.
Differences between the recruitment of auditory regions between deaf and hearing indi-
viduals have been noted before (Fine et al., 2005; Karns et al., 2012; Scott et al., 2014),
however only in some of these cases have these measures been related to behavioural visual
performance. The data presented here shows a possible interaction between suppression
and activation of particular regions of auditory cortex. Previous studies have shown the
involvement of the PT in spatial auditory processing in hearing individuals (Griffiths et al.,
1998; Baumgart et al., 1999), and the current data suggest that the function of this area is
preserved in deaf individuals, but the input modality is instead visual. Here, the trending
correlation is only specific to the central global motion condition, and no effect is seen in
the global peripheral or local motion 40 ◦ condition. It is interesting to note that the neural
responses in the PT did not correlate with the central local motion task thresholds, but
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did show a possible trend with the central global motion thresholds. This indicates that
cross-modal modulation of the PT might facilitate the extraction of motion from noise,
rather than just the detection of movement. The primary auditory region, HG, appears to
be suppressed in order to facilitate motion processing thresholds. It is possible that more
secondary regions become active, whilst primary regions which show less plasticity need
to be suppressed when cross-modal processes are involved in motion processing. This is
also true of the more anterior region Te1.2, where suppression is also needed for better
motion thresholds in peripheral global motion.
6.5 General Discussion
These comparisons do not provide evidence that V1 surface area mediates thresholds or
reaction times in the specific motion tasks studied here. Neural activity in visual motion
areas V5/MT+ and V6 do not show direct involvement in motion task performance either.
Neural responses in auditory regions however, do show possible trends relating to motion
processing thresholds, but not reaction times. Suppression in the PT and Te1.2 regions
and activation in HG show a possible relation to better motion perception thresholds.
Differences between deaf and hearing individuals in cortical V1 surface area distribution
relative to eccentricity could mediate other behavioural advantages, which this study did
not investigate. It is possible that deaf individuals could show advantages in ventral stream
tasks but in the periphery, as it seems that the relative representation of the visual field
could facilitate static stimulus comparisons, and not necessarily dorsal stream functions,
such as motion perception. V5/MT+ is a widely known motion area, and as the main
input it receives is visual, it is possible that levels of plasticity here would be limited, as
visual inputs are still intact in deaf individuals. V6, despite having a large emphasis on
the periphery, does not appear to be involved in the motion processing tasks considered
here. As previously described (Chapter 4: section 4.6.2), there do not appear to be differ-
ences between deaf and hearing individuals in its modulation either. The auditory regions
explored here showed significant effects of cross-modal plasticity. The three regions of au-
ditory cortex displayed distinct patterns of responses in deaf individuals when compared
to hearing participants (as seen in Chapter 4). The neural modulation of these regions
was related to performance in motion discrimination and detection. Effects of plasticity
in deaf auditory cortex therefore seems to promote dorsal stream visual processes, as has
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been put forward previously (Armstrong et al., 2002). Vachon et al. (2013) speculate
that in deaf individuals, auditory cortex is not involved in shape or motion processing.
The current results do not include shape processing, however, and the results presented
here could contradict this assumption, as responses in auditory cortex showed possible
trends towards predicting motion processing performance. The results described here are
amongst the few reported studies making comparisons between brain and perceptual vi-
sual performance in deaf human individuals (Bottari et al., 2011; Codina et al., 2011).
Further support is provided for cross-modal influences in motion processing seen in deaf
individuals, particularly differences between deaf and hearing individuals across auditory
regions. Further investigations involving careful identification of subregions of auditory
cortex could further disseminate as to which regions show the most plasticity in deaf
individuals, and strongest involvement in visual motion processing advantages. The be-
havioural task used in Codina et al. (2016) combined with neuroimaging methods could
provide a useful comparison in identifying regions facilitating faster reaction times in deaf
individuals, as well as sign language interpreters. This comparison could further disentan-
gle effects of life-long hearing loss as well as the effect of sign language expertise in hearing
individuals. A broader question to ask is what the functional role of heightened motion
perception can play in a real life framework, in terms of the ecological relevance of the
plastic changes seen in the current study. If auditory inputs constitute fundamental guid-
ance and reorienting of exploratory attention, and the input is lacking in deaf individuals,
it is possible that heightened visual sensitivity to peripheral stimuli serve the purpose of
compensating to help this guidance system. Therefore, it would be expected that auditory
cortical regions could become recruited to perform the same function, but based in the
visual modality, triggering orienting responses.
In summary, the comparisons described above do not provide evidence that uni-modal
plasticity in V1 and visual motion areas V5/MT+ and V6 are involved in visual motion
performance, but that cross-modal plasticity in auditory regions shows possible trends in
relation to motion processing performance in deaf and hearing individuals.
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General Discussion and Future
Directions
7.1 Overview
When a sensory modality is lost early in life, the brain adapts to the change of sensory
information available. A vast amount of research has aimed to explain how sensory pro-
cessing might change whether remaining senses are heightened, or whether other sensory
deficits may occur as a result. This prompts the question of where the neural substrates
behind these changes in sensory processing can be seen. This thesis aimed to investigate
cortical plasticity resulting from auditory deprivation, and to relate behavioural visual mo-
tion processing abilities to plastic changes in the brain. Previous work in animal models
(Lomber et al., 2010) have been successful in finding neural substrates of heightened visual
performance in congenitally deaf cats. The studies described here aimed to identify where
plasticity can be seen, and which visual motion processing regions are more plastic than
others in order to facilitate behavioural performance in deaf human adults. This approach
also makes it possible to relate brain and behaviour, as many studies focus on studying
each of these aspects, but often not in relation to each other. The importance of this
research lies in detecting and differentiating between sensory compensation and sensory
deficits with several measures. This body of work therefore used structural and functional
MRI, alongside visual psychophysical experiments. The following chapter outlines the
principal findings from this body of work and their wider implications to our understand-
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ing of cortical plasticity in early deaf individuals, and neural substrates of visual motion
processing performance. Future directions of this research are also considered.
7.2 Wide-field Visual Field Mapping
Deaf individuals show the highest advantages in processes involving the visual periphery.
Therefore, a novel methodological approach was developed in order to allow for wide-field
mapping of visual field representations. The aim of this was to capture neural signals
in the far-periphery, reaching to an eccentricity of 72 ◦ along the horizontal dimension.
Within fMRI research, projecting visual stimuli aimed at the far-periphery is met with
challenges, as the visual field is constrained by the size of the scanner bore which poses
limitations the size of the projection screen used. Far-peripheral signals were reliably
recorded by scanning participants while stimulating each hemifield separately using a
wide-field mirror and closer viewing distance. Currently, there are a handful of studies
which reach into the periphery using fMRI, but only up to an extent of 60 ◦ (Pitzalis
et al., 2006; Wu et al., 2013; Yan et al., 2011; Greco et al., 2015). Most studies which
measure visual field maps with fMRI only measure a smaller proportion of the visual
field representation (less than 20 ◦). Therefore, the current study was to able to map
previously uncharted territory within visual cortex. Furthermore, and most importantly,
mapping has not been previously carried out to this visual field extent in deaf individuals,
where greatest visual plasticity is expected. The development of this wide-field retinotopic
mapping methodology was integral in detecting novel cortical differences between deaf and
hearing participants in early visual cortex, discussed below.
7.3 Plasticity in Early Visual Cortical Areas
7.3.1 Cortical Volume
Deaf participants showed a trend towards larger cortical volume representing the far-
peripheral visual field. Smaller central visual field representations in V1 were also ob-
served, when compared to hearing controls. Previous studies have investigated volumetric
differences in visual field maps between deaf and hearing individuals, finding no differences
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in volume using retinotopic methods (Fine et al., 2005). However, a study which defined
V1 anatomically (Allen et al., 2013) found larger cortical volume in the calcarine sulcus
of deaf native signers, relative to hearing non-signers. This difference was not found in
comparison to non-hearing native signers. This finding also demonstrates the interaction
between sign language experience and auditory deprivation. It is important to consider
the interplay between cortical thickness and cortical surface area, as the effects in cortical
volume reported in the current body of work were driven by differences in cortical surface
area, not cortical thickness.
7.3.2 Cortical Thickness
Previous studies of deaf individuals acquiring sign language either early or late in life
showed that late sign language learners had reduced grey matter thickness in V1, com-
pared to deaf early sign language learners (Pe´nicaud et al., 2013). These findings along
with those of (Allen et al., 2013) indicate that a substantial amount of variability within
the deaf group can originate from sensory experience, such as the age at which sign lan-
guage was acquired. As the current study includes quite a heterogeneous group of deaf
individuals, the results possibly contain the differences reported by (Pe´nicaud et al., 2013).
No significant differences were found within the cortical thickness measure between deaf
and hearing groups in the current data, however these comparisons can incorporate larger
sources of variability as sign language age acquisition was not controlled for. Also, stud-
ies investigating brain plasticity as a result of congenital and early blindness have found
increased cortical thickness within early visual areas (Bridge et al., 2014; Park and Chun,
2009). When a sensory input is not available, it can result in thicker and more immature
cortex (Bridge et al., 2014; Jiang et al., 2009). It is likely that deaf individuals show thin-
ner cortex due to a larger demand for higher visual resolution which is met with typical
pruning mechanisms during development. Song et al. (2009) found that cortical thickness
in V1 showed a negative correlation with sharpness of neural population tuning and per-
ceptual discrimination accuracy at varying visual field positions. Cortical surface area was
however positively correlated with neural population tuning and the perceptual discrimi-
nation task performance. Their findings indicate that advantages in visual perception are
facilitated by an enlarged and thinner cortical surface area in visual cortex.
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7.3.3 Cortical Surface Area
The cortical magnification gradients, based on cortical surface area, show a trade-off be-
tween the central and far-peripheral representation between the deaf and hearing groups.
The increase cortical surface area in deaf participants could have resulted due to a higher
demand for higher visual resolution, as suggested by Song et al. (2015). Enlargement of
visual cortical surface area could result in more cortical columns, in turn allowing greater
selectivity due to sharper neural tuning, leading to better performance in perceptual dis-
crimination in visual tasks.
7.4 Relationship to Visual Performance
However, this difference in cortical surface area does not appear to extend to the be-
havioural motion tasks used in this body of work. The differences found in surface area in
the far-periphery and central representations between hearing and deaf participants did
not correlate with motion processing thresholds or reaction times.
7.4.1 Global Motion Task
The global motion discrimination task required the discrimination of coherent signals in
incoherent noise over a larger visual field, which V1 is not tuned to, compared to motion
area V5/MT+ (Maunsell and Newsome, 1987). This is due to the difference in receptive
fields, as well as neural tuning to different directions of motion. Likewise, when investi-
gating coherent and incoherent motion signals in fMRI, Braddick et al. (2001) compared
activation in V5/MT+ and V1, and reported that V5/MT+ is selective to coherent motion,
when compared to dynamic noise (incoherent motion), whilst V1 showed no selectivity to
coherent over incoherent motion. Therefore, it is perhaps not surprising that structural
differences in early visual cortex did not show a relation to visual motion processing in the
global motion task. If a larger cortical surface area were to facilitate perceptual thresholds
and possibly reaction times, one would expect the hearing individuals to perform better in
the central global, and more central local motion tasks, which they do not. Interestingly,
deaf individuals show a larger representation of the far-periphery, but worse thresholds in
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the peripheral global motion task. In deaf participants, Smittenaar et al. (2016) found
receptive field sizes to increase in size, but their density remained the same, possibly lead-
ing to larger overlaps of these fields leading to better discrimination of peripheral stimuli.
There was no evidence of an increased surround representation. These findings may lend
themselves more to better performance in visual acuity measures, rather than global mo-
tion discrimination. The larger overlaps between receptive fields could possibly lead to a
disadvantage in the case of global motion discrimination, which is the case in the current
data set where deaf individuals show worse thresholds in the peripheral visual field condi-
tion. This might be due to larger number of receptive fields being stimulated by wide-field
coherent and incoherent motion stimuli, making it difficult to resolve what direction the
coherent dots are moving in.
7.4.2 Local Motion Task
In the local motion detection task, only a small displacement of dots indicates motion,
where V1 surface area could potentially facilitate better performance in the local motion
task. This was however not seen in the current data, and it is possible that it is the V1
response magnitude which could be related to the performance in the local motion task,
rather than the cortical surface area. V1 is not specifically selective to motion direction,
like V5/MT+ (Heeger et al., 1999). This is due to different receptive field sizes within
these regions V1 has much smaller receptive fields compared to V5/MT+ (Amano et al.,
2009), making area V5/MT+ highly likely to be a neural substrate for motion processing
when considering these tasks. It is possible that the perceptual advantage offered by the
structural difference in V1 are related to other visual advantages, not tested in the current
body of work. For example, previous studies demonstrated that performance in acuity
tasks requiring high spatial resolution and precise localisation in space were related to the
difference observed in visual field representations, as they required the spatial precision
provided by small V1 receptive fields (eg. Song et al., 2015; Duncan and Boynton, 2003;
Schwartzkopff and Rees, 2013; Smittenaar et al., 2016). The two tasks considered in
the current body of work however, converge with the findings of Lomber et al. (2010)
where congenitally deaf cats showed a superior ability in detecting motion, but show
slightly worse performance in motion discrimination tasks. Nevertheless, cortical surface-
area distribution differences observed here do provide novel evidence of plasticity within
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the cortical distribution of central and peripheral visual field representations within the
primary visual cortex of congenitally deaf adults. The implications of this plasticity remain
to be tested, and are discussed further in this chapter.
7.5 Plasticity and Motion Processing Areas of the Brain
When coherent visual motion was presented during fMRI scanning, results showed dis-
tinctive differences in response profiles in auditory, but not visual motion, regions of the
brain when comparing deaf and hearing participants. The neural responses recorded in-
dicate that regions of heightened visual motion processing seen in deaf individuals might
not be located in visual motion regions V5/MT+ or V6, at least using the optic flow
stimuli we tested. It is possible that there is an effect of plasticity present within the
V5/MT+ complex, namely regions TO-1 (MT) and TO-2 (MST), but the current study is
not able to distinguish between possible differences in activation within these sub-regions.
Furthermore, when considering these regions as substrates of motion perception, the neu-
ral activity in V5/MT+ and V6 did not correlate in motion task performance, in either
global motion discrimination or local motion detection. Previous work by Tadin et al.
(2011) found that the disruption of V5/MT+ with the use of Transcranial Magnetic Stim-
ulation (TMS) led to improvements in discrimination of large moving stimuli. The authors
speculated that the result was caused due to TMS weakening the strength of surround
suppression. In this study, the overall lower activation patterns seen in V5/MT+ in deaf
individuals could be caused by stronger surround suppression and relate to their weaker
performance in more peripheral local motion discrimination conditions and global periph-
eral motion discrimination. This is however not clear in the current data, as there is no
significant relationship between V5/MT+ and motion performance.
7.6 Cross-modal Effects
Shifting to cross-modal cortical regions, the results of the current study provide evidence
of significant differences in neural activation within auditory regions in the superior tem-
poral cortex. When comparing deaf to hearing groups, on average there was no positive
activation in regions Te1.2 and HG in either hemisphere, however hearing participants
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showed significantly stronger suppression when compared to deaf individuals. Higher ac-
tivation of the Planum Temporale was observed in deaf individuals, especially in the right
hemisphere. Previous studies have found that deaf individuals show a higher recruitment
of the posterior temporal cortex, which includes the Planum Temporale, in visual pro-
cessing tasks (Bavelier et al., 2006). This effect was also observed in the current data.
When comparing group results such as contrasting neural modulation between deaf and
hearing groups, the results could indicate either higher activation in deaf individuals or
stronger suppression of neural signals in hearing, therefore resulting in a positive contrast.
In the current body of work, these measures are compared between groups and not con-
trasted. Here, the mean activation in each region is compared between groups against the
baseline condition of no motion. This makes it possible to distinguish effects due to sup-
pression, no response, or activation within the subregions of auditory cortex of deaf and
hearing participants. Furthermore, this study provides novel findings concerning coher-
ent and incoherent motion perception. Differences between deaf and hearing participants
only emerge within coherent motion perception, and no group differences are seen when
incoherent motion is concerned. This dissociation has not been reported previously, and
is detectable due to the novel approach allowing for wide-field optic flow motion to be
presented in fMRI, which provides data never recorded before in deaf or hearing individ-
uals. Interconnections between peripheral visual and auditory regions have been found in
non-human primate literature (Falchier et al., 2002). Further studies could explore the
neural connectivity between these regions, to explore weather either larger peripheral rep-
resentations, or larger activation in deaf individuals, could be met with higher activation
of secondary auditory regions. These regions show high degrees of plasticity in deaf indi-
viduals. Furthermore, this experiment could explore whether this modulation is specific to
integrating spatial signals, such as coherent motion, or whether this would be independent
of this manipulation.
7.7 Cross-modal Responses and Motion Performance
When relating neural measures to behavioural outcomes, the current study found that
neural responses in auditory regions show a possible relationship with motion processing
thresholds, but not reaction times; suppression in the HG and Te1.2 regions and activation
in PT show trends towards being correlated with better motion perception thresholds in
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both deaf and hearing individuals. In hearing individuals, the superior temporal cortex,
which contains the auditory regions investigated in the current study, is involved in the
integration of auditory and visual signals. It is also involved in multi-sensory illusory
percepts such as the McGurk effect (McGurk and Macdonald, 1976), with stronger acti-
vation predicting the strength of the perceived effect (Nath and Beauchamp, 2012). This
trend indicates the regions possible involvement in multi-sensory integration, and as the
region shows plasticity in deaf individuals, it also indicates its ability to adapt to the
sensory information available. There is also structural evidence showing white matter dif-
ferences in the posterior temporal cortex in deaf participants, when compared to hearing
controls (Shibata, 2007; Li et al., 2012). Studies have shown reduced connectivity within
auditory regions but stronger connectivity between auditory and visual regions in deaf
children (Li et al., 2015). These stronger connections could arise due to the larger reliance
on cross-modal processing, where the auditory cortex relies more on visual inputs. It is
important to consider the described cross-modal findings in line with the observed func-
tional specialisations within the brain. A widely accepted, but more constrained account
of brain organisation states that functionally specialised regions of the brain are tied to
specific sensory modalities. This idea has recently been challenged, based on evidence that
function is preserved in brain regions deprived of normal sensory inputs in congenitally
deaf or blind individuals (reviewed in Hemiler et al., 2015). A recent study by Bola et
al. (2016) provided evidence that the brain is organised in a task-selective, but sensory
independent, manner. When auditory and visual rhythm sequences were presented to deaf
and hearing individuals in the sensory modality available to them, the posterior, lateral
part of higher-level auditory cortex was activated by the stimuli in both groups. This
highlights the flexibility of cortical processing, showing its ability to adapt to different
sensory inputs whilst maintaining the computations required to perform specific tasks. In
line with this hypothesis, the functional connectivity of the auditory cortex is the same
between deaf and hearing adults (Striem-Amit et al., 2016) and deaf cats (Barone et al.,
2013). In deaf individuals, this pattern of connectivity may develop in adolescence, after
a longer period of sensory deprivation. Li et al. (2015) showed that connectivity within
auditory cortex of deaf children is weaker than in hearing, implying that the similarity
in connectivity between hearing and deaf adults develops later in life. Collectively, these
studies provide support for the concept that sensory input modalities might compete for
the recruitment of secondary sensory areas, which are not as specialised as their primary
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predecessors. The balance between competing modalities can therefore be shifted in popu-
lations which are deprived of a sense (Seymour et al., 2016). This explains the recruitment
of secondary auditory cortices to processing visual motion, as seen in the current results.
Secondary auditory cortex, normally used for processing spatial auditory signals for the
localisation of sounds, might therefore be recruited for processing peripheral visual motion
signals. The current study used group atlas templates to define primary and secondary
auditory regions. Here, these definitions are approximate, as the boundaries are highly
variable between individuals (Morosan et al., 2001). Further investigations could focus on
the careful anatomical definitions of the auditory regions on an individual basis (Dick et
al., 2012). This could be done by using similar methods used by Glasser and Van Essen
(2011) where particular MRI protocols allow for the extraction of myelin content, which in
turn helps identify the core and secondary auditory regions based on what is known about
the anatomy of these regions (Hackett et al., 2001). The core auditory region is highly
myelinated, and the position and profile of the region can therefore be closely matched
with post-mortem myeloarchitectonic studies (Morel et al., 1993). Such an approach, with
more confident definitions, could further elucidate which regions show the highest levels
of plasticity.
In summary, the results of the current study show the possible functional specificity of
auditory regions in processing spatial information as a trend towards correlations between
visual motion processing performance and neural responses in auditory regions. These
findings make novel contributions to the field of brain plasticity, and the debate surround-
ing possible changes in functional organisation in sensory deprived cortex. The correlation
conducted falls on a spectrum rather than in group-defined clusters, leading to the hypoth-
esis that individual differences might be due to variability in sensory experience within
the sensory deprived population as well as hearing controls.
Overall, the current data provides evidence of cortical plasticity within sub-regions and
different visual representations of space in primary visual cortex, as well as different sub-
regions within auditory cortex in response to visual stimuli in deaf individuals when com-
pared to hearing controls. Secondly, a distinction is shown between the neural modulation
of auditory regions depending on the motion type observed. Coherent motion reveals the
differences between sensory deprived auditory cortex, while incoherent motion does not.
These results support the notion that spatial stimuli are integrated in the PT region, al-
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beit in response to visual stimuli in deaf individuals. Furthermore, auditory regions are
suppressed by hearing individuals during the processing of coherent motion, whilst this is
not the case in deaf participants.
7.8 Implications for the Understanding of Auditory Depri-
vation and Cortical Plasticity
Understanding the neural mechanisms behind functional reorganisation of auditory cor-
tex is crucial given the implications it has upon the successful implantation of cochlear
implants and rehabilitation surrounding this process. Understanding which cross-modal
functions may or may not persist can better inform decisions on the time at which it
would be most beneficial for children to receive a cochlear implant, based on when they
have the appropriate neural structures able to process auditory information (Giraud and
Lee, 2007). Cochlear implants are usually bilateral, however in cases where unilateral
cochlear implants are recommended, understanding lateralisation effects of cross-modal
plasticity and functional specificity can inform as to which hemisphere should receive an
implant in order for it to be most effective. Previous studies have suggested that, as the
right auditory cortex elicits higher activation to visual stimuli, it is perhaps the left audi-
tory cortex which would be better suited in receiving a cochlear implant (Vachon et al.,
2013). Evidence of cross-modal recruitment from this and other studies lead to the fol-
lowing important questions: 1) If some regions of auditory cortex are recruited for visual
information, would they be able to receive and interpret auditory signals if they were to be
restored?, and 2) Do cochlear implants disrupt certain visual perceptual advantages that
might have been acquired following loss of hearing and an increased reliance on vision?
7.8.1 Experience Leading to Plasticity
The main motivator for the research described in this thesis surrounds the impact altered
sensory experience has, which results in behavioural advantages and cortical plasticity. As
has been extensively described throughout, congenital deafness has a profound effect upon
peripheral visual processing (eg. Bavelier et al., 2000; Stevens and Neville, 2006; Buckley
et al., 2010; Hauthal et al., 2013), and can lead to differential activation, structure, and
150
7.8 Implications for the Understanding of Auditory Deprivation and Cortical Plasticity
connectivity in cortex (e.g. Scott et al., 2014; Bavelier et al., 2000; Lomber et al., 2010,
Fine et al., 2005). Behavioural advantages can also be developed through training, and
can be seen in non-sensory deprived individuals. Peripheral visual enhancements have
been noted in habitual video game players, where there is an improvement seen in their
ability to localise peripheral targets amongst distractors (Green and Bavelier, 2003). These
individuals also show an extended visual field area (Buckley et al., 2010). Attentional
visual enhancements are also seen in athletes, when attentional test stimuli matched their
sport (Memmert et al., 2009). These results suggest that extended training of skills which
require rapid detection or motor responses to peripheral stimuli can be enhanced, even
in hearing individuals. This shows that various forms of training can increase peripheral
visual sensitivity, but perhaps not to the same extent as seen in deaf individuals.
7.8.2 Cortical Changes Associated with Behaviour
A clear example of the effects seen following sensory deprivation as well as extensive
training was presented by Codina et al. (2016). Congenitally deaf signing participants,
BSL interpreters, and hearing non-signers were tested in a far-peripheral visual target
detection task. Deaf individuals achieved the fastest response times out of the three groups
in far-peripheral locations, and the BSL interpreters were faster than hearing non-signers.
The results of Codina et al. (2016) provide clear evidence that sensory training (e.g. in
hearing BSL interpreters) can provide modest visual advantages, whilst congenitally deaf
individuals, who have had to rely more heavily on vision throughout life, surpass this level
and show even stronger perceptual advantages. Researchers in the above mentioned studies
have suggested that such differences found between athletes and non-athletes, as well as
video game players and non-video game players, might be down to the efficiency with
which visuo-attentional pathways are used. This has been described as ’the software’ of the
system, rather than structural changes, the ’system hardware’ (Muin˜os and Ballesteros,
2013). As mentioned, cortical plasticity has been observed in deaf individuals, within
visual and auditory cortex (eg. Scott et al., 2014; Fine et al., 2005; Bottari et al., 2010;
Lomber et al., 2010). Large scale organisation can also be seen in non-sensory deprived
subjects. An example of this has been demonstrated within the ventral visual cortex, where
the Lateral Occipital Cortex (LOC) is recruited for reading Braille in sighted individuals
(Siuda-Krzywicka et al., 2016). Higher visual motion area V5/MT+ also shows plasticity
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when training involved complex motion processing (Draganski et al., 2004). This is of
interest as plasticity has been shown in deaf individuals in V5/MT+ (Bavelier et al.,
2000). It is clear that complex learning without sensory deprivation can also lead to some
degree of cortical plasticity. In the current study, both hearing and deaf individuals show
a correlation between auditory activation and perceptual thresholds of motion processing.
This suggests that varying levels of experience with sign language, or other visual tasks
involving peripheral processing, can influence performance in the tasks used here. In
addition, as discussed above, hearing individuals can also show some signs of plasticity as
a result of video game playing, or sports requiring peripheral vision. Although this is the
case, the effect of lifelong auditory deprivation still shows the largest effect, both on the
neural level (Scott et al., 2014; Fine et al., 2005) and on the behavioural level (Codina et
al., 2016; Buckley et al., 2010).
7.9 Implications for Future directions
7.9.1 V1 and Acuity Measures
Future experiments could include investigations of behavioural visual tasks, including those
which could elucidate how the enlarged surface area in far-peripheral representations in
V1 affect visual performance in deaf individuals. The tasks could include visual acuity
judgements, similar to that employed by Smitteenaar et al. (2016) or Song et al. (2015),
where deaf participants showed superior performance. Another task could include angular
displacement of static stimuli presented in the far-periphery, and because the far-periphery
shows a larger representation in cortex, deaf individuals would be expected to detect
smaller angles of displacement compared to hearing controls. Tasks such as those employed
by Buckley et al. (2010) or Codina et al. (2016), which involve target detection in
the far-periphery, would also provide a good measure which has previously shown to be
enhanced in deaf. All the above mentioned examples would target the larger far-peripheral
representation in V1. Based on previous studies relating the size of cortical representation
to visual perception (Duncan and Boynton, 2003; Schwartzkopff and Rees, 2013), the
larger representation of the far-periphery may be met with better performance in these
measures.
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7.9.2 The V5/MT+ Cluster, fMRI and TMS
To further disentangle possible differences between deaf and hearing individuals within
V5/MT+, further research could investigate whether activation profiles between deaf and
hearing individuals differ between sub-regions of the V5/MT+ complex especially within
area TO-2 (proposed human homologue to macaque MST), which integrates over a larger
portion of the visual field (Huk et al., 2002). Also, it is possible that previous studies
(Bavelier et al. 2001; Fine et al., 2005) report group differences mainly from area TO-
1, as the limited visual field stimulated would not incorporate the receptive fields which
respond far into the periphery as those of region TO-2. Previous studies have employed
effective localiser techniques for fMRI (Strong et al., 2016; Huk et al., 2002), where aper-
tures containing moving dots are shifted by 15 ◦ to the side of fixation, in either the left
or right hemifield. TO-2 can be localised by extracting activation from the ipsilateral
hemisphere, whilst TO-1 can be localised by subtracting the activation of TO-2 from the
whole V5/MT+ complex during contralateral visual stimulation. These localisers could
be used to extract activation from each area when wide-field optic flow is presented. This
approach would therefore assess if either of the sub-regions (TO-1 or TO-2) show differ-
ential involvement in peripheral global discrimination. Furthermore, as TO-1 and TO-2
would be functionally defined, Transcranial Magnetic Stimulation (TMS) could be applied
to these regions during psychophysical testing in the global motion discrimination tasks.
Tadin et al., (2011) showed that the disruption of the V5/MT+ complex improved thresh-
olds in visual discrimination of motion, likely due to weakening of the strength of surround
suppression. To determine if there is stronger surround suppression in deaf individuals,
which may explain their poorer performance on the global motion task, one could test
whether disrupting either region with TMS improves their performance thresholds.
7.9.3 V5/MT+ and MEG – Temporal Information
Another avenue worth exploring further includes investigations of neural responses mea-
sured by Electroencephalography (EEG) or Magnetoencephalography (MEG). These mea-
sures allow for the recording of neural signals on a millisecond scale, providing very precise
temporal information of neural modulation. This can complement the higher spatial but
poorer temporal resolution of fMRI. It is possible that effects of plasticity in V5/MT+,
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which have not been detected in the current study, are exhibited in the neural response
time, which fMRI is not sensitive enough to detect. An MEG study carried out by Finney
et al. (2003) assessed the neural response times to visual stimulation in deaf and hearing
individuals to sinusoidal grating stimuli, appearing in five different locations, including one
central and four peripheral conditions (extending to 15 ◦). They showed right hemisphere
responses 100-400ms in auditory cortex of deaf but not hearing individuals. Furthermore,
Bottari et al. (2011) showed that response times of deaf individuals were faster in striate
cortex, and amplitudes of the P1 complex (100-150ms) were correlated with visual target
detection performance. To extend this research, MEG methods could be used to mea-
sure responses to the motion stimuli used in the current study (optic flow fields, coherent
and incoherent dot motion). In addition, functional localisers could be used to define
subregions of V5/MT+, TO-1 and TO-2 in MRI. These localisers could provide virtual
electrodes in the MEG analysis to extract the neural time course of the responses within
the selected motion regions, and determine whether responses are faster in deaf individ-
uals. It would also be possible to see if any response patterns predict the behavioural
measures recorded in the current study. MEG data would also provide novel avenues
to investigate the communication between neural regions through functional connectivity
analysis, making it possible to see how auditory, visual motion and early visual regions
might adapt to a different sensory input. Previous non-human primate studies have shown
feedback projections from area MT (TO-1) to peripheral representations in primary visual
cortex (Falchier et al., 2002; Shipp and Zeki, 1989). The functional connectivity between
these regions could be investigated using MEG in deaf individuals. This could answer
questions of potential differences in response time between deaf and hearing groups, as a
result of sensory deprivation.
7.9.4 V6, V6A and Other Motion Sensitive Regions
Visual area V6 did not show any correlations with visual motion processing performance,
and no differential activation between deaf and hearing participants. Cardin et al. (2012)
suggest that V6 could be involved in processing egocentric optic-flow motion in order to
help segregate and avoid obstacles in near personal space (Warren and Rushton, 2009).
Therefore, even though V6 does not appear to be involved in the heightened sensitivity
observed in deaf individuals, it could possibly facilitate other behavioural tasks requiring a
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wide peripheral representation, which have not been explored in this study. From an eco-
logical perspective, deaf individuals cannot be prompted to possible dangers by auditory
inputs. Therefore, higher activation in V6 could provide a signal to detect hazardous ob-
jects within self-motion as deaf individuals move through their environment. However, the
current study tested large-field global motion rather than object-from-motion detection
specifically.
Another future venture could include applying EEG/MEG in a similar paradigm. Com-
bining this with structural MRI and fMRI localisers for areas V5/MT+, V6 and V3A
would allow for source localisation analysis in EEG/MEG (Di Russo et al., 2005). This
approach would elucidate any effects of plasticity in relation to the response latencies and
amplitudes. Furthermore, involving the same wide-field optic flow stimuli would be ben-
eficial in studying the sequence of activation which can be seen in visual far-peripheral
motion processing in deaf individuals. von Pfo¨stl et al. (2009) conducted an MEG study
with hearing individuals, looking specifically at neural responses in V6. The study found
that responses in V6 occurred in very near temporal proximity to those of V1, predomi-
nantly within the cortical source representing the peripheral visual field, whilst temporal
occipital regions showed a delayed response onset in comparison to V6. Alongside V6, it
would also be beneficial to explore visual area V3A, which is adjacent to dorsal V3, as this
visual region is activated by moving stimuli, particularly by first order motion (Tootel et
al., 1997; Smith et al., 1998). Pitzalis et al. (2013) investigated motion responses with
high-resolution EEG, and found that V3A was activated more by incoherent than coherent
motion, in contrast to areas V5/MT+ and V6, which showed higher activation to coherent
motion stimuli. As Bottari et al. (2010) investigated visual responses in cortex with EEG,
and found signs of plasticity in the C1 and P1 complex, the approaches outlined above
could indicate if motion processing in deaf individuals is met with faster cortical responses
which are not detectable with fMRI.
7.10 Conclusions
Taken together, the findings reported in this thesis show that congenital deafness in hu-
mans leads to plastic changes within primary visual cortex. These findings also show that
auditory regions are recruited differentially between deaf and hearing individuals, depend-
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ing on which motion type is presented. This activation shows a trending relation with
visual motion performance in all participants tested. Possible future directions were dis-
cussed to further explore the temporal dynamics of the plastic changes seen, and possible
visual tasks which could be facilitated by the effect measured in V1.
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Appendix
A.1 Each Step Frame of the Retinotopic Stimuli Used
Figure A.1 – All frames representing the 16 steps of the expanding ring
frames used to map the right hemifield. Each hemifield was tested separately,
with the fixation cross placed 36 ◦on either the left or right side of the screen.
All stimulus counterphase-flickered at 4 Hz and extended from fixation to 72 ◦
of visual field angle. The stimuli are based on the original retinotopic mapping
stimuli used by Wandell et al. (2007).
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Figure A.2 – All frames representing the 16 steps of the expanding ring
frames used to map the right hemifield. Each hemifield was tested separately,
with the fixation cross placed 36 ◦on either the left or right side of the screen.
All stimulus counterphase-flickered at 4 Hz and extended from fixation to 72 ◦
of visual field angle. The stimuli are based on the original retinotopic mapping
stimuli used by Wandell et al. (2007).
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A.1 Each Step Frame of the Retinotopic Stimuli Used
Figure A.3 – All frames representing the 12 steps of the expanding ring
frames used to map the right hemifield. Each hemifield was tested separately,
with the fixation cross placed 36 ◦on either the left or right side of the screen.
All stimulus counterphase-flickered at 4 Hz and extended from fixation to 72 ◦
of visual field angle. The stimuli are based on the original retinotopic mapping
stimuli used by Wandell et al. (2007).
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Figure A.4 – All frames representing the 12 steps of the expanding ring
frames used to map the right hemifield. Each hemifield was tested separately,
with the fixation cross placed 36 ◦on either the left or right side of the screen.
All stimulus counterphase-flickered at 4 Hz and extended from fixation to 72 ◦
of visual field angle. The stimuli are based on the original retinotopic mapping
stimuli used by Wandell et al. (2007).
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A.2 Left and Right Hemifield Global Motion Data
A.2 Left and Right Hemifield Global Motion Data
Figure A.5 – A bar graph which represents global motion discrimination
task thresholds with the left and right hemifield conditions, angular and ra-
dial motion conditions averaged, which represent the percentage of coherently
moving dots necessary for response accuracy of 75%. Plotted means of deaf
and hearing groups. Error bars represent 1+/- SEM.
A.3 Spread of Results in Global and Local Motion Tasks
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Figure A.6 – Global motion discrimination task reaction times plotted for
the left and right hemifield conditions, angular and radial motion conditions
averaged, which represent the reaction times necessary for response accuracy
of 75%. Plotted means of deaf and hearing groups. Error bars represent 1+/-
SEM.
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A.3 Spread of Results in Global and Local Motion Tasks
Figure A.7 – Global motion discrimination task reaction times to the left and
the perceptual thresholds plotted to the right per subject, and divided into
groups, where the angular and radial motion conditions were averaged. The
threshold represents the percentage of coherently moving dots the necessary
response time for a response accuracy of 75%, and the reaction time the speed
of response also necessary for a response accuracy of 75%.
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Figure A.8 – Local motion detection task reaction times to the left and the
perceptual thresholds plotted to the right per subject, and divided into groups,
where each eccentricity condition was averaged. The threshold represents the
minimum speed at which motion was detected with an accuracy of 75%, and
the reaction time the speed of response also necessary for a response accuracy
of 75% .
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